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For  many  years,  emphasis  In  aircraft  accident  investigation  was  placed  on 
finding  the  cause  of  the  accident.  Very  little  effort  was  expended  in  the 
crash  survival  aspects  of  aviation  safety.  However,  it  became  apparent 
through  detailed  studies  of  accident  investigation  reports  that  large  improve¬ 
ments  in  crash  survival  cauld  be  made  if  consideration  were  given  in  the 
initial  aircraft  design  to  the  following  general  survivability  factors: 

1.  Crash  Resistance  of  Aircraft  Structure  -  The  ability  of  the  aircraft 
structure  to  maintain  living  space  for  occupants  throughout  a  crash. 

2.  Tiedown  Strength  -  The  strength  of  the  linkage  preventing  occupant, 
cargo,  or  equipment  from  becoming  missiles  during  a  crash  sequence. 

3.  Occupant  Acceleration  During  Crash  Impact  -  The  intensity  and  dur¬ 
ation  of  accelerations  experienced  by  occupants  (with  tiedown 
assumed  intact)  during  a  crash. 

4.  Occupant  Crash  Impact  Hazards  -  Barriers,  projections,  and  loose 
equipment  in  the  immediate  vicinity  of  the  occupant  that  may  cause 
contact  injuries. 

5.  Postcrash  Hazards  -  The  threat  to  occupant  survival  posed  by  fire, 
drowning,  exposure,  etc.,  following  the  impact  sequerce. 

Early  in  1960,  the  U.S.  Army  Transportation  Research  Command*  initiated  a 
long-range  program  to  study  all  aspects  of  aircraft  safety  and  surviv¬ 
ability.  Through  a  series  of  contracts  with  the  Aviation  Safety  Engineering 
and  Research  Division  (AvSER)  of  the  Flight  Safety  Foundation,  the  problems 
associated  with  occupant  survival  i r,  aircraft  crashes  wore  studied  to  deter¬ 
mine  specific  relationships  between  crash  forces,  structural  failures,  crash 
fires,  and  injuries.  A  series  of  reports  covering  this  effort  was  prepared 
and  distributed  by  the  U.S.  Army,  beginning  in  1960.  In  October  1965,  a 
special  project  initiated  by  the  U.S.  Army  consolidated  the  design  criteria 
presented  in  these  reports  into  one  technical  document  suitable  for  use  as  a 
designer's  guide  by  aircraft  design  engineers  and  other  interested  person¬ 
nel  .  The  document  was  to  be  a  summary  of  the  current  state  of  the  art  in 
crash  survival  design,  using  not  only  data  generated  under  Army  contracts  but 
also  information  collected  from  other  anencies  and  organizations.  The  Crash 
Survival  Design  Guide.  TR  67-22,  published  in  1967,  realized  this  goal. 

Since  its  initial  ;»ubl ication,  the  Design  Guide  has  been  revised  and  expanded 
four  times  to  incorporate  the  results  of  continuing  research  in  crash  resis¬ 
tance  technology.  The  third  edition,  TR  71-22,  was  the  basis  for  the  cri¬ 
teria  contained  in  the  original  version  of  the  Army's  crash  resistance 
military  standard  MIl-STD-1290,  "Light  Fixed-  and  Rotary-Wing  Aircraft  Crash 


♦Now  the  Aviation  Applied  Technology  Directorate,  Aviation  Research  and 
Technology  Activity  of  the  U.S.  Army  Aviation  Systems  Command  (AVSCOM). 
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Resistance"  (Reference  1).  The  fourth  edition,  published  in  1980,  entitled 
Aircraft  Crash  Survival  Design  Guide,  TR  79-22A  through  E  expanded  the  docu¬ 
ment  to  five  volumes,  which  have  been  updated  by  the  current  edicion  to 
include  information  and  changes  devi  loped  from  1980  to  1987.  This  current 
edition,  the  fifth,  contains  the  most  comprehensive  treatment  of  all  aspects 
of  aircraft  crash  survival  now  documented.  It  can  be  used  as  a  general  text 
to  establish  a  basic  understanding  of  the  crash  environment  and  the  tech¬ 
niques  that  can  be  employed  to  improve  changes  for  survival.  It  also  con¬ 
tains  design  criteria  and  checklists  on  many  aspects  of  crash  survival  and 
thus  can  be  used  as  a  source  of  design  requirements. 

The  current  edition  of  the  Aircraft  Crash  Survival  Design  Guide  is  published 
in  five  volumes.  Volume  titles  and  general  subjects  included  in  each  volume 
are  as  follows: 

Volume  I  -  Design  Criteria  and  Checklists 

Pertinent  criteria  extracted  from  Volumes  II  through  V,  presented  in  the 
same  order  In  which  they  appear  in  those  volumes. 

Volume  II  -  Aircraft  Design  Crash  Impact  Conditions  and  Human  Tolerances 

Crash  impact  conditions,  human  tolerance  to  impact,  military 
anthropometric  data,  occupant  environment,  test  dummies,  accident 
inform? Mon  retrieval. 

Volume  III  -  Aircraft  Structural  Crash  Resistance 

Crash  load  estimation,  structural  response,  fuselage  and  landing  year 
requirements,  rvtor  requirements,  ancillary  equipment,  cargo  restraints, 
structural  medal fng. 

Volume  IV  -  Aircraft  SeaU.  Restraints,  litters  and  Cockpit/Cabin 
Defethalization 

Operational  and  crash  impact  conditions,  energy  attenuation,  seat  design, 
litter  requirements,  restraint  system  design, "occupat.c/restraint  system/ 
seat  modeling,  delethal ization  of  cockpit  and  cabin  interiors. 

Volume  V  -  Aircraft  Postcrash  Survival 

Postcrash  fire,  ditching,  emergency  escape,  crash  locator  beacons. 

This  volume  (Volume  V)  contains  information  on  aircraft  postcrash  conditions 
and  design  techniques  that  can  be  used  to  reduce  oostcrash  hazards.  It 
contains  a  great  deal  of  bacKground  information,  including  data  from  such 
sources  as  full-scale  aircraft  burn  tests,  laboratory  materials  testing,  and 
research  and  development  programs  in  aircraft  fuel  systems. 

Chapter  1  presents  a  general  discussion  of  designing  tor  crash  resistance. 
Chapter  Z  contains  definitions  of  terms  pertinent  to  the  volume.  Chapte”  3 
describes  postcrash  fire  conditions  and  relates  those  conditions  to  human 
tolerance  data  in  the  areas  of  heat,  smoke,  and  toxic  gasos.  Chapter  4  dis¬ 
cusses  methods  of  preventing  postcrash  fires  by  containing  flammable  fluids 
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in  crash-resistant  fuel,  oil,  and  hydraulic  systems,  modifying  fuel  proper¬ 
ties  to  reduce  crash-induced  fuel  misting,  and  controlling  potential  ignition 
sources.  Chapter  5  discusses  the  fire  behavior  of  interior  materials  and 
presents  data  on  material  flammability  tests  and  selected  material  proper¬ 
ties.  Chapter  6  describes  ditching  conditions  and  provisions  that  can  be 
incorporated  into  the  aircraft  design  to  increase  ditching  survival.  Chap¬ 
ter  7  presents  design  requirements  for  emergency  escape  exits  and  emergency 
lighting,  and  Chapter  8  discusses  crash  locator  beacons. 

The  units  of  measurement  shown  in  the  Design  Guide  vary  depending  upon  the 
units  used  in  the  referenced  sources  of  information,,  but  are  mostly  USA 
units.  In  some  cases  the  corresponding  metric  units  are  shown  in  parentheses 
following  the  USA  units.  For  the  convenience  of  the  reader  a  conversion 
table  of  some  commonly  used  units  follows. 


USA  Unit 

Abbr.  or  Svmbol 

Metric  iiauivalent 

Abbr.  yr  Svmbol 

Weight 

Ounce 

oz. 

28.35  grams 

9 

Pound 

Capacity 
(U.S.  liauidl 

lb  or  # 

0.454  Kilogram 

kg 

Fluidounce 

fl  oz 

29.57  milliliters 

ml 

Pint 

pt 

0.473  liter 

1 

Quart 

qt 

0.946  liter 

1 

Gal  Ion 

gal 

3.785  liters 

1 

length 

Inch 

in. 

2.54  centimeters 

cm 

Foot 

ft 

30.48  centimeters 

cm 

Yard 

yd 

0.9144  meter 

m 

Mile 

mi 

1,609  Kilometers 

km 

4lS4 

Square  Inch 

sq 

.  2 

in.  or  in. 

6.452  square 
centimeters 

sq  cm  or  cm2 

2 

sq  m  or  m 

Square  Foot 

sq 

ft  or  ft^ 

0.093  square  meter 

Volume 

Cubic  Inch 

cu 

In.  or  in.3 

16.39  cubic 

centimeters 

3 

cu  cm  or  cm 

3 

cu  m  or  m 

Cubic  Foot 

cu 

ft  or  ft3 

0.028  cubic  meter 

Force 

Pound 

lb 

4.448  newtons 

4.448  x  103  dynes 

N 
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1.  BACKGROUND  DISCUSS I PH 


This  volume  spec>  cally  addresses  the  hazards  that  exist  in  the  postcrash 
phase  of  U.S.  Army  aircraft  accidents  and  presents  aircraft  design  criteria 
that  will,  if  followed,  eliminate  or  reduce  the  serious  consequences  of  these 
hazards.  Designing  fc>“  postcrash  safety  is  only  a  part  of  the  larger  effort 
of  designing  the  entire  aircraft  for  crash  resistaf.ee. 

The  overall  objective  of  designing  for  crash  resistance  is  to  eliminate  un¬ 
necessary  injuries  and  fatalities  in  survivable  impacts.  Results  from 
analyses  and  research  during  the  oast  several  yea~s  have  shown  that  the  rela¬ 
tively  small  cost  in  dollars  <,nd  weight  of  including  crash-resistant  features 
is  an  extremely  wise  investment.  The  outstanding  success  of  the  crash- 
resistant  fuel  systems  in  almost  entirely  eliminating  thermal  fatalities  and 
injuries  in  U.S.  Army  helicopter  accidents  provides  a  concrete  example  of  the  4 

benefits  that  can  be  obtained  through  crash-resistant  design.  Consequently, 
new  generation  aircraft  are  being  procured  to  rather  stringent  crash- 
resistant  requirements. 

The  original  edition  of  this  design  guide  dealt  primarily  with  modifications 
that  could  be  made  to  existing  aircraft  to  increase  their  crash  resistance. 

Now,  two  approaches  to  improving  aircraft  crash  resistance  are  open.  The 
first  approach  is  to  influence  the  design  of  new  aircraft,  and  the  second  is 
to  improve  the  crash  resistance  of  existing  aircraft.  Obviously,  much  higher 
levels  of  crash  resistance  can  be  achieved  in  the  design  and  development  of 
new  aircraft  if  crash  resistance  is  considered  from  the  beginning.  This  is 
being  accomplished  at  the  present  time  through  the  use  of  procurement  pack¬ 
ages  that  include  pertinent  specifications  that  require  certain  levels  of 
crash  resistance  for  various  subsystems  as  well  as  for  the  entire  aircraft. 

However,  some  of  the  available  potential  is  still  being  lost  due  to  the  his¬ 
torical  approach  used  in  designing  aircraft.  That  is,  the  basic  aircraft  is 
designed  leaving  space  and  providing  attachment  provisions  for  subsystems, 
later,  when  the  subsystems  are  designed,  their  designs  are  limited  by  the 
previously  established,  somewhat  arbitrary,  boundary  conditions.  The  bounclury 
conditions  may  unnecessarily  limit  the  performance  of  the  subsystems.  The 
better  approach  is  to  design  all  systems  and  subsystems  at  the  same  time,  at 
least  preliminarily.  This  enables  subsystem  considerations  to  affect  the 
larger  systems.  This  systems  approach  will  produce  a  more  nearly  optimum  * 

vehicle. 

The  same  principles  for  improving  crash  resistance  can  be  applied  to  the 
retrofit  of  existing  aircraft;  however,  the  "cast -in-concrete"  status  of 
existing  production  structure  is  a  more  costly  and  difficult  obstacle  to  over¬ 
come.  When  crash-rosi stant  features  must  be  included  through  retrofit,  the 
level  that  can  be  achieved  is  usually  reduced.  Even  in  retrofit  situations, 
however,  the  overall  objective  can  be  met;  i.e.,  occupant  protection  can  be 
maximized  to  eliminate  unnecessary  injuries. 

In  earlier  editions  of  t  ,e  Design  Guide,  the  requirements  to  provide  occupant 
protection  'n  crashes  up  to  and  including  the  severity  of  the  95th-percentile 
survivable  crash  pulse  were  expressed.  With  the  deployment  of  aircraft  de¬ 
signed  for  crash  safety,  the  link  to  the  95th-percentile  survivable  crash 
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pulse  has  been  dropped,  and  the  recommended  design  conditions  are  simply 
presented  as  the  design  pulse.  Obviously,  the  severity  of  a  95th-percentile 
survivable  crash  pulse  will  be  much  greater  for  the  new  aircraft  than  for  air¬ 
craft  having  no  crash-resistant  requirements  placed  upon  them  during  their 
development.  The  extent  ot  the  crash  protection  provided  to  the  occupant 
cannot  indefinitely  continue  to  be  linked  to  the  survivability  of  the  crash 
as  improved  crash  resistance  increases  the  severity  of  the  survivable  crash, 
producing  a  never-ending  increase  in  the  level  of  crash  resistance  at  the 
expense  of  aircraft  performance.  The  crash  resistance  levels  recommended 
herein  are  felt  to  be  a  near  optimum  mix  of  requirements,  including  considera- 
*  tions  of  cost,  weight,  and  performance.  The  crash  impact  conditions  selected 

for  design  purposes  in  this  volume  are  identical  to  the  historical  9Sth- 
percentile  survivable  crash  pulses,  which  were  based  primarily  on  single 
engine,  skid  gear,  relatively  low  gross  weight  helicopters  having  both  high 
9  and  low  inertia  rotor  systems. 
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2.  DEFINITIONS 


2.1  GENERAL  TERNS 


•  The  Term  "G" 

The  ratio  of  a  particular  acceleration  (a),  a  negative  acceleration 
may  be  referred  to  as  a  deceleration,  to  the  acceleration  (g)  due  to 
gravitational  attraction  at  sea  level  (32.2  ft/sec);  G  =  a/g  With 
respect  to  the  crash  impact  conditions,  unless  otherwise  specified, 
all  acceleration  values  (G)  are  those  at  a  point  approximately  at 
the  center  of  the  floor  of  the  fuselage.  In  accordance  with  common 
practice,  this  report  will  refer  to  accelerations  measured  in  "G." 

To  illustrate,  it  is  customarily  understood  that  5  G  reprwsents  an 
acceleration  of  5  x  32.2,  or  161  ft/sec?.  As  a  result,  crash 
forces  can  be  thought  of  in  terms  of  multiples  of  the  weight  of  ob¬ 
jects  being  accelerated.  Therefore,  in  keeping  with  common  prac¬ 
tice,  the  term  G  is  used  in  this  document,  to  define  accelerations  or 
forces , 


•  Static  Strength 


The  maximum  static  load  that  can  be  sustained  by  a  structure,  often 
expressed  in  terms  of  acceleration  (G)  of  a  given  mass  or,  in  other 
words,  a  load  factor. 


•  Load  Factor 

A  factor  that  when  multiplied  by  a  weight  produces  a  force  used  to 
establish  static  strength.  Load  factor  is  expressed  in  units  of  G. 

•  forward  Load 

Loading  in  a  direction  toward  the  nose  of  the  aircraft  parallel  to 
the  aircraft  longitudinal  (roll)  axis. 

e  Aft-ward  -Load 

Loading  in  a  direction  toward  the  tail  of  the  aircraft  parallel  to 
the  aircraft  longitudinal  (roll)  axis. 

o  fatera1  Load 

Loading  in  a  direction  parallel  to  the  lateral  (pitch)  axis  of  the 
aircraft. 


•  Downward  Load 

Loading  in  a  downward  direction  parallel  to  the  vertical  (yaw)  axis 
of  the  aircraft. 
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•  Upward  load 

Loading  in  an  upward  direction  parallel  to  the  vertical  (yaw)  axis 
of  the  aircraft. 

The  decrease  in  velocity  o“  the  airframe  during  the  ma.ior  impact, 
expressed  in  feet  per  secord.  The  ma.ior  Impact  is  the  one  in  which 
the  highest  forces  are  incurred,  not  necessarily  the  initial 
impact. 

.2  FUEL.  OIL,  m  HYDRAULIC  SYSTEM  TERMS 

•  Cr  ash-Resi  s’  aat  BM  JEank 

A  tank,  which  conforms  to  MIL-T-27422. 

•  Crash-Resistant  Fuel  System 

A  fuel  system  designed  to  conform  to  MIL-T-27422.  MIL-STD-1290, 
ADS11B,  and  other  related  specifications  and  standards. 

•  frangible  Attachment 

An  attachment  possessing  a  part  that  is  designed  to  fail  at  a  prede¬ 
termined  locaticn  and/or  load. 

A  flexible  fuel  tank,  usually  contained  or  supported  by  other  more 
rigid  structures. 

I 

•  Fuel  Pvm 

A  rurnm  inct  allorl  in  the  fuel  evstpm  to  mnvp  fuel ,  Usually  located 

n  i  llrfWU  >  »  vv  ■  *  *  *  ~~  '  ■'J  — ’  —  * ~  w 

at  one  or  more  of  the  following  places:  the  tank,  the  engine,  or 
the  intercosinectlng  plumping. 

•  Fd9l  V^lYg 

Any  valve,  other  than  a  self-sealing  breakaway  v«lve,  contained  In 
the  fuel  supply  system,  such  as  fuel  shutoff  valves,  check  valves, 
etc. 

•  Self -Sealing  Breakaway  Valve 


A  valve,  for  installation  in  fluid-carrying  lines  or  hoses,  that 
will  separate  at  a  predetermined  load  and  seal  at  one  or  both  halves 
to  prevent  dangerous  flammable  fluid  spillage. 


2.3  IGNITION  SOURCE  CONTROL  TERHS 


•  Fire  Curtain 

A  baffle  made  of  fire-resistant  material  that  is  used  to  prevent 
spilled  flammable  fluids  and/or  flames  from  reaching  ignition 
sources  or  occupiable  areas. 

•  Fire-Resistant  Material 

Material  able  to  resist  flame  penetration  for  5  min  when  subjected 
to  a  2,000  °F  flame  and  still  be  able  to  meet  its  intended  func¬ 
tion. 

•  Firewall 

A  partition  capable  of  withstanding  a  2,000  °F  flame  over  an  area 
of  5  sq  in.  for  a  period  of  15  min  without  flame  penetration. 

j  Flammable  Fluid 

Any  fluid  that  Ignites  readily  in  air,  such  as  hydrocarbon  fuels  and 
lubricants. 

•  Plnui  l"H  uov'toV' 

w  :  -t  am _ **  *  i aej 

A  physical  barrier  that  interrupts  or  diverts  the  flow  of  a  liquid. 

•  ignition  TemperiitMs 

The  lowest  temperature  at  which  a  flammable  mixture  will  ignite  when 
introduced  into  a  specific  set  of  circumstances. 

•  Inert,  tog 

The  rendering  of  an  aircraft  system  or  the  atmosphere  surrounding 
the  system  incapable  of  supporting  combustion. 

2.4  INTERIOR  MATERIALS  SELECTION  TERHS 

•  Autoianition  Temperature 

The  lowest  temperature  at  which  a  flammable  substance  will  ignite 
without  the  application  of  an  outside  ignition  source,  such  as 
flames  or  sparks. 

•  Flame-Resistant  Material 

Material  that  is  self-extinguishing  after  removal  of  a  flame. 
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•  FUshoyar 

The  sudden  spread  of  flame  throughout  an  area  due  to  Ignition  of 
combustible  vapors  that  are  heated  to  their  flash  point. 

•  Flash  Point 

The  lowest  temperature  at  which  vapors  above  a  combustible  substance 
ignite  in  air  when  exposed  to  flame. 

•  Intumescent  Paint 

A  paint  that  swells  and  chars  when  exposed  to  flames. 

•  Optical  Density  (Ds) 

The  optical  density  is  defined  by  the  relationship 


where  T  is  the  percent  of  light  transmission  through  a  medium  (e.g., 
air,  smoke,  etc.). 


C 

x.  • 


iitti*utmc  iun  K’MErDCErMrv  rcrftDP  TPttliQ 
mawm  quit  kuMMaSkLwSa  LjuSB 


•  Brightness 

The  luminous  flux  emitted  per  unit  of  emissive  area  as  projected  on 
a  plane  normal  to  the  line  of  sight.  Measured  in  fcot-lamberts. 


•  Cartel  a  (cd) 

A  unit  of  luminous  Intensity  equal  to  1/60  of  the  luminous  Intensity 
of  one  square  centimeter  of  a  blackbody  surface  at  the  solidifica¬ 
tion  temperature  of  platinum.  Also  called  candle  or  new  candle. 

•  £U$S  A  Exit 

A  door,  hatch,  canopy,  or  other  exit  closure  intended  primarily  for 
normal  entry  and  exit. 

•  Class  B  Exit 


A  door,  hatch,  or  other  exit  closure  intended  primarily  for  service 
or  logistic  purposes  (e.g.,  cargo  hatches  and  rear  loading  ramps  or 
clamshell  doors). 


•  Class  C  Exit 


A  window,  door,  hatch,  or  other  exit  closure  intended  primarily  for 
emergency  evacuation. 
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•  Cockpit  Enclosure 

That  portion  of  the  airframe  that  encloses  the  pilot,  copilot,  or 
other  flight  crew  members.  An  aircraft  may  have  multiple  cockpits, 
or  the  cockpit  may  be  physically  integrated  with  the  troop/passenger 
section, 

•  EU&MUfl 

The  landing  of  an  aircraft  on  water  with  the  intention  of  abandoning 
it. 

•  Emergency  lighting 

Illumination  required  for  emergency  evacuation  and  rescue  when 
normal  illumination  is  not  available. 

•  Exit  Closure 

A  window,  door,  hatch,  canopy,  or  other  device  used  to  close,  fill, 
or  occupy  an  exit  opening. 


An  opening  provided  in  aircraft  structure  to  facilitate  either 
normal  or  emergency  exit  and  entry. 

•  Exit  Release  Handle 

The  primary  handle,  lever,  or  latch  used  to  open  or  jettison  the 
exit  closure  from  the  fuselage  to  permit  emergency  evacuation. 

•  Fggt- candle.  Lfcl 

A  unit  of  illuminance  on  a  surface  that  is  everywhere  one  foot  from 
a  uniform  point  source  of  light  of  one  candela. 

A  unit  of  photometric  brightness  or  luminous  intensity  per  unit 
emissive  area  of  a  surface  in  a  given  direction.  One  foot-lambert 
Is  equal  to  1  /ir  candela  per  square  foot. 

•  Illurciinatign 

The  luminous  flux  per  unit  area  on  sn  intercepting  surface  at  any 
given  point.  Measured  in  foot-candles. 
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3.  POSTCRASH  FIRE' 


3.1  INTRODUCTION 

Historically,  studies  of  accident  records  have  indicated  that  a  high  percent¬ 
age  of  fatalities  occur  in  accidents  involving  postcrash  fire.  During  the 
past  15  years,  however,  the  pattern  has  changed  dramatically.  The  accident 
records  now  indicate  two  distinct  patterns.  For  aircraft  not  equipped  with 
crash-resistant  fuel  systems,  the  statistical  records  remain  essentially 
unchanged.  For  aircraft  containing  crash  resistant  fuel  systems,  the  fire 
death  and  injury  rates  have  been  reduced  to  nearly  zero  (Reference  2). 

The  postcrash  fire  conditions  associated  with  aircraft  not  containing  a 
crash-resistant  fuel  system  consist  of  a  combination  of  many  interacting 
hazards.  The  total  fire  threat  to  the  occupant  depends  upon  the  magnitude  of 
these  hazards  combined  with  the  human  tolerance  limits  to  each  hazard.  This 
chapter  describes  postcrash  fire  conditions  and  discusses  human  tolerance  to 
heat,  toxic  gases,  and  other  hazards  that  greatly  affect  human  survival  in  a 
postcrash  fire. 

3.2  POSTCRASH  FIRE  CONDITIONS 

Postcrash  fire  conditions  have  been  extensively  studied  in  test  programs  as 
well  as  in  actual  crashes  by  various  research  organizations  including  NACA 
(prior  to  becoming  NASA),  NASA,  FAA,  AvSER,  the  Department  of  Transportation, 
and  the  various  military  services.  During  some  of  the  test  programs,  air¬ 
craft  were  crashed  and  allowed  to  burn,  with  data  being  accumulated  during 
the  entire  sequence.  In  other  test  programs,  previously  crashed  aircraft 
were  instrumented  and  burned.  In  addition  to  full-scale  tests,  many  studies 
have  been  performed  with  various  components  and  mock-ups,  computer  simula¬ 
tions,  and  mathematical  models.  Researchers  also  have  studied  actual  air¬ 
craft  crashes  in  which  occupants  were  exposed  to  postcrash  fire  conditions. 
From  these  overall  studies,  the  most  significant  factors  influencing  surviv¬ 
ability  in  postcrash  fires  have  emerged. 

Briefly,  it  has  been  observed  that  many  variables  can  influence  the  magnitude 
and  threat  of  a  postcrash  fire.  Some  of  the  more  pertinent  ones  include  the 
relative  wind,  the  type  of  terrain  onto  which  the  flammable  fluid  has 
drained,  the  fuel  distribution,  the  location  of  the  fluid  spillage  within  the 
aircraft,  the  number  of  structural  openings  (designed  or  crash  produced)  that 
meter  the  inflowing  air  available  for  an  internal  fire,  and  the  amount  of 
fuel  available  to  spill  (Reference  3). 

It  was  noted  that  using  fuels  of  lower  volatility  (i.e..  Jet  A  rather  than 
Jet  B)  makes  little  difference  in  the  overall  fire  threat  once  a  postcrash 
fire  has  started  (Reference  4).  However,  if  the  fuel  is  spilled  in  liquid 
form  and  kept  in  that  state,  rather  than  being  formed  Into  a  mist,  the  likeli¬ 
hood  of  the  less  volatile  fuel  catching  on  fire  is  measurably  reduced.  In 
other  words,  if  the  aircraft  crashes  and  comes  to  a  stop  with  no  fire,  the 
chances  of  a  fire  then  starting  arc  generally  less  with  fuels  of  lower 
volatil ity. 
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However,  the  factors  that  best  describe  the  postcrash  fire  situation  in  terms 
of  human  survival  are  the  heat,  toxic  gases,  and  smoke  existing  in  or  near 
the  occupiable  area. 

3.2.1  Heat 

A  typical  ambient  and  radiant  temperature  curve  for  large  caryo/passenger- 
carrying  aircraft  tested  by  NACA  is  presented  in  Figure  1.  As  can  be  seen  on 
the  chart,  little  temperature  Increase  occurred  until  80  sec  after  impact. 

One  of  the  main  reasons  for  the  delay  in  temperature  rise  was  the  protective 
shield  afforded  by  the  fuselage.  Skin  burn-through  averaged  about  80  sec, 
although  some  burn-through  times  occurred  before  40  sec.  and  some  occurred 
later.  Calculated  escape  time  based  on  human  tolerance  to  heat  varied  from 
53  to  220  sec,  with  the  average  escape  time  equal  to  135  sec  (see  Sec¬ 
tion  3.3.1  for  a  discussion  of  the  effect  of  heat  on  escape  time.) 


TIME  AFTER  IMPACT  (SEC) 


FIGURE  1.  AVERAGE  RECORDED  AMBIENT  AND  RADIANT  TEMPERATURES  IN 
LARGE,  CRASHED,  8URNIN6S  PASSENGER/CARGO-CARRYING, 
FIXED-WING  AIRCRAFT, 


An  ambient  temperature  range  typical  for  the  burning,  passenger/cargo¬ 
carrying  helicopters  tested  by  AvSER  and  the  U.S.  Army  Aeromedical  Research 
Laboratory  is  presented  in  Figure  2.  This  chart  shows  that  the  temperature 
started  to  increase  almost  immediately  after  the  crash.  The  early  tempera¬ 
ture  rise  was  due  mainly  to  two  factors.  One  was  that  extensive  structural 
breakup  occurred  upon  impact,  causing  openings  that  allowed  air  to  be  drawn 
in,  providing  oxygen  for  internal  fires.  The  second  factor  was  that,  in  the 
normal  configuration,  the  fuselage  and  the  fuel  were  located  in  close  proxi¬ 
mity  to  one  another.  As  a  result,  the  fire  and  the  occupiable  area  were 
*  nearly  superimposed  from  the  start.  Reference  to  Figure  2  shows  that  the 

average  escape  time  for  these  helicopters  was  in  the  range  of  7  to  16  sec. 


*■ 


TIME  (SEC) 


FIGURE  2.  RECORDED  AMBIENT  TEMPERATURE  RANGE  IN  THE  CABIN  AREAS  OF 
URGE,  BURNING,  PASSENGER/CARGO-CARRYING  HELICOPTERS. 


Full-scale  fire  tests  on  standard  aluminum  aircraft  skin  panels  show  that, 
for  a  fuel  fire  of  maximum  severity  and  minimum  skin  thickness,  burn-through 
may  occur  in  as  little  as  10  sec.  Larger  aircraft,  which  possess  thicker 
skin  panels,  have  burned  through  in  30  to  40  sec.  Figure  3  shows  minimum 
skin  melting  times  based  on  aircraft  gross  weight.  Escape  time  is  obviously 
shorter  for  fa 'ter  burn- through  time.  Thus,  the  very  short  escape  time  in 


13 


<_> 

LU 

<o 


s— l 

2*r 

01 


s; 


AIRCRAFT  GROSS  WEIGHT,  LB 

FIGURE  3.  AIRCRAFT  SKIN  MELTING  TIME  BASED  ON  GROSS  WEIGHT. 


light  aircraft  is  due  not  only  to  the  proximity  of  the  fuel  to  the  occupant 
but  also  to  the  faster  burn-through  time  of  the  thinner  fuselage  skins. 

More  recent  full-scale  fire  tests  using  segments  from  a  DC-10  aircraft  and  an 
exterior  pooled  fuel  fire  also  illustrated  the  dependence  of  burn-through 
time  on  skin  thickness.  In  these  tests,  the  aluminum  skin  above  the  windows, 
which  was  0.090  in.  thick,  reached  the  meltiny  temperature  within  64  to 
82  sec,  while  the  belt  area  around  the  window,  which  incorporated  a  doubler 
and  was  a  total  of  0.350  in.  thick,  did  not  reach  melting  temperatures  until 
150  to  198  sec.  after  the  initiation  of  the  fire  (Reference  5).  These  tests 
also  showed  that  the  aluminum  skin  below  the  windows,  which  was  the  same 
thickness  as  that  above  the  windows,  did  not  reach  the  melting  temperature 
until  some  30  to  60  sec  after  the  skin  above  the  windows.  This  was  attri¬ 
buted  to  the  difference  in  temperatures  in  the  flame  plume  at  various  levels 
above  the  fuel's  surface. 

This  series  of  tests  was  done  to  evaluate  improved  flame-resistant  aircraft 
window  systems.  During  these  tests  it  was  found  that  the  standard  acrylic 
windows,  in  general,  would  burn  through  before  the  belt  system  did  and  some¬ 
times  before  the  skin  below  the  windows  burned  through.  The  data  also  indi¬ 
cated  that  an  improvement  of  fire  resistivity  was  obtained  by  the  improved 
window  system  (see  Section  5.4.6  for  details  on  the  improved  windows). 
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Another  factor  that  can  influence  burn-through  time  is  insulation.  When  an 
aircraft  skin  is  heated  externally  by  a  fire,  the  metal  skin  attempts  to 
radiate  heat  internally.  When  this  radiation  is  prevented  or  retarded  by 
insulation,  skin  burn-through  occurs  more  rapidly.  One  study.  Reference  6, 
supported  in  part  by  References  7,  8,  and  9,  documents  various  skin  burn- 
through  times  as  a  function  of  skin  thickness,  insulation  characteristics, 
and  temperature  of  the  heat  source.  It  was  reported  that  in  the  case  of  the 
aluminum  fuselage,  the  removal  of  skin  due  to  melting  exposes  the  insulation 
to  additional  distorting  effects  produced  by  the  high  turbulence  within  the 
liquid  fuel  fire.  The  turbulence  hastens  the  destruction  of  the  insulative 
barrier,  thereby  further  reducing  the  survival  time. 

In  a  postcrash  fire,  if  the  fuselage  stays  intact  and  the  fire  enters  the 
fuselage  through  a  rupture  or  burn-through  of  the  aircraft  skin,  it  can 
ignite  any  combustibles,  such  as  aircraft  seat  cushions,  which  are  near  the 
opening.  The  burning  of  interior  materials  in  a  situation  such  as  this  can 
lead  to  the  phenomenon  of  a  flashover,,  Flashover  is  the  transition  from  a 
localized  fire  to  a  general  conflagration  within  the  compartment  when  all  com¬ 
bustible  surfaces  become  involved  in  flames.  This  can  also  be  accompanied  by 
the  sudden  propagation  of  flames  through  unburned  gases  and  vapor  collected 
under  the  ceil ing. 

During  a  compartment,  fire,  heat  builds  up  in  the  upper  level  of  the  compart¬ 
ment  because  of  the  vertical  flames  above  the  fire,  the  hot  surfaces  in  the 
upper  part  of  the  enclosure,  and  hot  combustion  products  trapped  under  the 
ceiling.  As  the  fire  progresses,  the  heat  layer  descends  from  th'*  celling 
and  becomes  lower.  When  enough  heat  is  radiated  to  lower  levels  to  ignite 
materials  at  the  lower  level,  the  phenomenon  of  a  flashover  occurs. 

The  occurrence  of  flashover  indicates  that  conditions  throughout  the  cabin 
become  nonsurvivable  within  a  matter  of  seconds.  The  temperature  and  smoke 
levels  increase  dramatically  at  flashover,  and  the  oxygen  level  decreases. 
Figure  4  shows  data  obtained  during  a  full-scale  fuel  fire  test  conducted 
with  a  C- 133  test  article  and  employing  commonly  used  interior  aircraft 
materials  (Reference  10).  Movie  film  taken  of  the  test  demonstrated  that  for 
approximately  2  min.  the  cabin  fire  was  limited  to  the  area  in  the  immediate 
vicinity  cf  the  fuselage  opening  adjacent  to  the  fuel  fire.  Figure  4  docu¬ 
ments  the  rapid  increase  in  temperature  and  smoke  and  the  decrease  in  oxygen 
at  and  beyond  flashover. 

3.2.2  Smoke  and  Toxic  Gases 

Aircraft  crash  fires  generate  large  quantities  of  dense  smoke  consisting  of 
unburned  carbon  particles,  ashes,  and  gaseous  combustion  products.  The 
hazards  of  smoke  may  be  both  physical  (blocking  vision)  and  physiological 
(irritation  of  eyes  and  respiratory  tract,  toxicity). 

Recent  studies  address  the  problem  of  smoke  generation  and  dispersion  inside 
a  fuselage  during  a  postcrash  fire  (References  6,  7,  8,  11,  and  12).  If 
there  is  only  one  opening  in  the  fuselage  and  it  happens  to  be  near  a  fire, 
smoke  can  enter  into  the  fuselage.  The  amount  allowed  to  enter  is  directly 
related  to  the  location  and  orientation  of  the  opening  and  the  relative 
wind.  If  there  is  a  second  fuselage  opening  and  it  is  in  an  area  where  there 
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FIGURE  4.  CHARGES  IN  TEMPERATURE,  OXYGEN, 
AND  SMOKE  LEVELS  AT  FLASHOVER. 


is  no  fire,  the  airflow  inside  the  fuselage  can  be  from  the  fire  area  to  the 
smoke-free  opening,  filling  the  fuselage  with  smoke.  If  the  airflow  inside 
the  fuselage  is  from  the  smoke-free  opening  to  the  opening  near  the  fire,  it 
could  provide  "clean"  air  for  the  occupants.  If  there  is  fire  at  each 
opening,  and  a  chimney  effect  is  created,  smoke-filled  air  from  one  of  the 
fires  will  flow  toward  the  opening  which  is  in  the  area  of  the  lower  relative 
air  pressure. 


Airflow  through  a  large  airliner  fuselage  with  openings  at  each  end,  being 
subjected  to  a  crash  fire,  has  been  measured  in  excess  of  35  mph.  The  flow 
was  turbulent  in  nature  due  to  the  vortex-generating  effects  of  the  seats  and 
occupants.  This  high-speed  airflow  through  the  fuselage  is  not  present  in 
inflight  fires  or  accidents  where  there  is  only  one  opening  present.  It 
takes  multiple  openings,  separated  by  considerable  distance,  to  allow  the 
chimney  effect  to  occur,  and  it  takes  vortex  generators,  such  as  seats,  to 
generate  turbulence  and  mix  the  smoke  and  air. 

The  rapid  obscuration  of  vision  by  smoke  has  been  reported  by  many  survivors 
of  aircraft  postcrash  fires.  In  addition,  many  test  programs  have  documented 
the  generation  of  large  quantities  of  smoke  during  burn  tests  of  transport 
fuselages  and  cabin  mock-ups  used  to  evaluate  aircraft  interior  materials. 
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During  a  program  to  examine  interior  emergency  lighting  in  a  postcrash  fire 
environment,  several  tests  conducted  in  a  wide  body  aircraft  test  fuselage  (a 
converted  C- 133  fuselage)  furnished  quantitative  information  on  smoke  levels 
during  aircraft  fires  (Reference  13).  A  series  of  tests  were  conducted  with 
the  interior  devoid  of  combustible  materials  and  an  external  fuel  spill  fire 
adjacent  to  an  opening  in  an  otherwise  intact  fuselage.  A  second  series  of 
tests  were  conducted  to  compare  results  of  the  fuel  fire  smoke  to  the  smoke 
environment  created  by  interior  materials  ignited  from  an  outside  postcrash 
fire.  Data  from  the  tests  indicated  that  the  relationship  between  cabin 
smoke  and  heat  appeared  to  be  comparable  for  exterior  fuel  fires  and  interior 
materials  fires.  Increasing  cabin  smoke  density  was  accompanied  by  a  corre¬ 
sponding  increase  in  temperature.  Figure  5  illustrates  the  relationship 
between  the  smoke  density  and  temperature  increase. 


FIGURE  5.  RELATION  OF  SMOKE  TO  TEMPERATURE  INCREASE, 


Quantitative  crash  test  data  are  also  available  for  carbon  monoxide  (CO),  the 
predominant  toxic  gas  generated  during  crash  fires.  The  history  of  carbon 
monoxide  levels  typical  of  NACA's  passenger-carrying  aircraft  experiments  is 
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presented  in  Figure  6.  It  can  be  observed  that  the  CO  concentrations  re¬ 
mained  below  the  0.8  percent  level  for  about  250  sec,  at  which  time  they 
rapidly  increased  to  4  percent.  This  slow-to-develop  situation  was  due  to 
the  distribution  of  the  fuel  spillage  and  the  protective  shield  afforded  the 
occupants  by  the  fuselage.  Also  plotted  in  Figure  6  is  the  cumulative 
carbc tyhe^oglobin  (COHb)  level  that  would  be  present  in  an  individual  exposed 
to  this  atmosphere.  The  escape-limiting  35  percent  COHb  would  be  reached  in 
approximately  6  min.  (See  Section  3.3.2  for  a  discussion  of  the  effect  of 
carbon  monoxide  on  escape  time.) 


FIGURE  6.  AVERAGE  RECORDED  CO  CONCENTRATIONS  AND  CALCULATED  COHb 
LEVELS  IN  LARGE,  CRASHED,  BURNING,  PASSENGER/CARGO- 
CAKRYING  FIXED-WING  AIRCRAFT. 


The  CO  levels  typical  of  burning,  large,  passenger/cargo-carrying  helicopters 
are  presented  in  Figure  7.  (t  can  be  seen  that  measurable  CO  levels  started 
at  about  20  sec  and  within  4!>  sec  the  levels  had  increased  to  3  percent.  As 
with  the  temperatures,  the  rapid  increase  of  CO  was  due  to  the  fuel  distri¬ 
bution  and  the  structural  breakup.  The  CO  concentration  dissipated  after 
45  sec  due  to  two  factors.  First,  the  helicopter  fuselages  were  nearly  con¬ 
sumed  by  fire  in  45  sec;  thus,  they  could  no  longer  act  as  shells  to  hold  the 
gases  in  the  area.  Second,  only  small  quantities  (28  gal.  and  56  gal.)  of 
fuel  were  used  during  the  tests.  The  rapid  dissipation  of  the  CO  would  pre¬ 
clude  the  buildup  of  dangerous  COHb  levels  in  an  individual  exposed  to  these 
conditions. 
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FIGURE  7.  AVERAGE  RECORDED  CO  CONCENTRATIONS  AND  CALCULATED  COHb 
LEVELS  IN  LARGE,  CRASHED,  BURNING,  PASSENGER/CARGO- 
CARRYING  HELICOPTERS. 


Although  carbon  monoxide  is  produced  in  larger  amounts  than  any  other  toxic 
gas,  large-scale  burn  tests  show  that  many  other  gases  also  are  generated, 
including  significant  amounts  of  hydrogen  chloride  (HC1)  and  hydrogen  cyanide 
(HCN)  (References  14  and  15).  In  fact,  the  recognition  that  HCN  was  a  combus¬ 
tion  product  of  many  aircraft  materials  prompted  Civil  Aeromedical  Institute 
(CAMI)  scientists  to  determine  the  HCN  levels  in  blood  specimens  from  victims 
of  aircraft  accidents  involving  postcrash  fire  (Reference  15).  It  was  deter¬ 
mined  that  HCN  was  present  at  levels  greater  than  normal  in  the  blood  of 
several  victims. 

There  is  a  rapid  rise  in  toxic  gases  at  flashover,  as  shown  in  Figure  8  (from 
Reference  10).  Comparing  Figures  8  and  4  shows  that  the  acid  gases,  HF  and 
HC1,  accumulated  in  the  cabin  at  least  1  min.  before  any  of  the  remaining 
hazards,  including  the  increase  in  temperature.  Elevated  temperature,  smoke, 
and  HCN  were  the  remaining  hazards  detected  before  the  onset  of  Hashover. 

Early  concentrations  of  the  acid  gases  are  considered  to  be  significant  and 
might  contribute  to  some  level  of  impairment.  These  acid  gases  were  gener¬ 
ated  by  the  burning  of  honeycomb  composite  panels  comprising  the  ceiling, 
storage  bins,  and  hat  rack. 
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TIME  (SEC) 


FIGURE  8.  CONCENTRATIONS  OF  TOXIC  GASES  DURING 
A  FULL-SCALE  FUEL  FIRE  TEST. 


3.2.3  Graphite  Fiber  Hazards 

3. 2. 3.1  Materials.  The  use  of  composite  materials  in  aircraft  struc¬ 
tures  is  increasing.  Some  of  these  composites  are  made  with  fibers  of  elec¬ 
trically  conductive  materials  such  as  graphite  (carbon).  In  most  cases, 
these  fibers  ar^  held  in  a  matrix  of  epoxy  materials  and  are  capable  of  being 
formed  into  high-strength  and  low-weight  aircraft  components.  The  percentage 
of  composite  components  is  increasing  rapidly  in  new  helicopter  designs,  and 
"all -composite"  aircraft  are  projected  for  the  future.  Reference  17  con¬ 
cludes  that  no  special  criteria  are  necessary  when  composites  are  substituted 
for  metal  in  aircraft  structures. 
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3. 2. 3. 2  Postcrash  Fire  Release.  If  these  materials  are  involved  in  a 
fire,  the  epoxy  matrix  is  pyrolized,  and  the  fiber  can  be  released  into  the 
atmosphere  as  part  of  the  smoke  plume.  These  free  fibers  of  electrically 
conductive  materials  create  the  risk  of  electrical  short  circuits  across  a 
variety  of  electrical  and  electronic  equipment.  Testing  has  shown  that  the 
percentage  of  fiber  released  is  very  low  in  a  relativity  static  fire  but,  if 
combined  with  impact  or  explosions,  large  quantities  can  be  released.  In 
addition,  postcrash  cleanup  can  disturb  loose  fibers  and  disperse  them  into 
the  atmosphere.  Risk  analysis  studies  have  shown  that  the  average  expected 
risks  of  these  events  is  low  (Reference  18). 

3. 2. 3. 3  Methods  of  Control .  Clearly  the  ideal  control  is  in  reducing 

the  incidence  of  postcrash  fire  as  discussed  in  this  volume.  Once  a  carbon- 
composite  material  is  burned,  minimizing  the  probability  of  explosive  dis¬ 
bursement  of  fibers  is  desirable.  Reducing  the  probability  of  inflight  fires 
releasing  fibers  while  airborne  is  also  desirable.  However,  since  other 
valid  reasons  exist  for  reducing  inflight  fire  and  postcrash  explosions, 
carbon  composites  do  not  constitute  a  significant  increase  in  the  problem. 

Postcrash  cleanup  procedures  of  carbon-composite  debris  should  include  tr.c 
use  of  sprayed-on  binders  prior  to  moving  the  residue.  Information  on  tha 
use  of  composite  materials  and  recommended  postcrash  fire  precautions  should 
be  included  in  the  appropriate  aircraft  service  publication.  Some  studies 
have  been  conducted  to  evaluate  the  personnel  hazards  resulting  from  helicop¬ 
ter  composite  structures  exposed  to  fires  and/or  explosions  (Reference  17). 

3.3  HUMAN  SURVIVAL  AND  ESCAPE 

One's  ability  to  perform  a  self-initiated  escape  from  a  burning  aircraft  be¬ 
comes  hampered  when  one  is  unable  to  think  and  act  as  a  normal  human  being. 

The  point  at  which  the  incapacitating  effect  occurs  is  called  the  escape 
limit.  An  occupant's  escape  limit  is  governed  by  what  the  person  feels 
(temperature),  breathes  (toxic  gases),  and  sees,  or  in  case  of  smoke,  does 
riot  see  (escape  routes,  blocked  exits,  etc.).  Human  tolerance  limits  define 
human  body  reaction  to  these  factors. 

3.3.1  Human  Tolerance  to  Heat 

The  literature  dealing  with  the  subject  of  human  tolerance  to  h?at  exposure 
is  rather  extensive,  but  somewhat  confusing  and  misleading.  (For  the  purpose 
of  this  discussion,  human  tolerance  to  heat  is  considered  for  short-term  expo¬ 
sures,  up  to  15  min,  rather  than  heat  prostration-type  injuries  that  require 
a  considerably  longer  exposure  time.)  Although  heat  tolerance  has  been  reli¬ 
ably  investigated  by  many  researchers,  their  reports  are  not  always  clear, 
especially  in  regard  to  protective  measures  taken  during  exposures  to  extreme 
heat.  The  reports  by  Johnson  and  Pesman  are  considered  to  be  the  best  appli¬ 
cation  of  scientific  knowledge  to  the  subject  of  human  thermal  tolerance 
during  the  aircraft  crash-fire  environment  (References  3  and  19).  Therefore, 
most  of  the  material  in  this  section  has  been  based  upon  those  reports. 

Thermal  injuries  occurring  in  aircraft  crash  fires  can  be  divided  into  two 
general  types:  skin  injury  and  respiratory  injury. 


21 


3. 3. 1.1  Skin  Injury.  When  exposed  to  heat,  two  main  factors  govern  a 
person's  survivability.  They  are  tolerance  to  pain  and  the  thermal  level  at 
which  the  exposed  skin  will  experience  second-degree  burning.  References  20 
and  21  state  that  the  pain  threshold  is  exceeded  when  the  human  skin  is 
heated  to  a  temperature  between  108  °F  and  113  °F,  with  normal  human 
beings  experiencing  unbearable  pain  at  skin  temperatures  of  124  °F.  More¬ 
over,  when  the  skin  surface  temperature  is  raised  above  111  °F,  the  rate  of 
cellular  destruction  is  more  rapid  than  cellular  repair;  consequently,  an 
accumulative  injury  occurs.  Obviously,  the  extent  of  the  injury  is  dependent 
on  the  heat  transferred  during  the  exposure  time. 

Since  the  temperature  values  required  to  produce  pain  and  skin  injury  are 
similar,  pain  is  a  good  indication  that  injury  will  occur  if  the  application 
of  heat  continues.  Therefore,  approximate  escape  limits  can  be  based  on 
extreme  pain  and,  thus,  the  occurrence  of  radiative  second-degree  burns. 

To  approximate  the  occupant  escape  limit  as  fixed  by  radiant  temperature,  one 
additional  factor  must  be  considered;  i.e.,  the  radiating  surface  visible  to 
the  exposed  area.  A  hemisphere  is  considered  to  be  the  maximum  possible 
radiating  space  angle  (Figure  9).  Figure  10  shows  pain  threshold  time  as 
determined  by  temperature  of  the  radiative  source  for  several  angles  of  radi¬ 
ation.  If,  for  example,  the  entire  hemispheric  surface  were  at  an  elevated 
temperature.  Curve  A  (F  »  1.00)  would  apply.  If  only  50  percent  of  the  hemis¬ 
pheric  surface  were  at  such  temperature,  Curve  B  (F  *  0.50)  would  apply.  The 
escape  limit  is  independent  of  the  distance  between  the  individual  and  the 
radiant  heat  source."  As  an  example  of  radiant  curve  usage,  assume  that  an 
individual  is  sitting  in  a  crashed  aircraft  that  is  engulfed  in  a  fireball. 

For  all  practical  purposes,  the  imaginary  hemisphere  would  be  100  percent 
heated;  thus.  Curve  A  would  apply.  Figure  10  shows  that  a  20-sec  escape  time 
will  be  reached  when  the  interior  aircraft  walls  reach  radiant  temperature  of 
only  550  °F. 


FIGURE  9.  THE  HEMISPHERE  OF  RADIANT  HEAT  CONCEPT. 
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FIGURE  10.  PAIN  THRESHOLD  TIME  AS  A  FUNCTION  OF  TEMPERATURE  OF 
RADIANT  HEAT  SOURCE.  (METHOD  OF  DERIVING  CURVES  IS 
CONTAINED  IN  THE  APPENDIX  .) 


Experimental  data  on  human  body  tolerance  to  convective  heat  (from  hot  ambi¬ 
ent  air)  are  much  more  limited  than  data  on  tolerance  to  radiant  heat.  Con¬ 


vective  heat  is  the  primary  source  of  caloric  uptake  at  low  temperatures,  an< 
severe  physiological  disturbances  may  occur  at  temperatures  below  those  re¬ 


quired  for  second-degree  burning  of  the  skin.  Thus,  extreme  pain  alone  is 
not  sufficient  to  determine  tolerance  time  to  heated  ambient  air,  and  the 
radiative  burn  curves  in  Figure  10  cannot  be  used  with  ambient  air  temper¬ 
atures. 


Figure  11  (Reference  22)  is  a  composite  of  the  experimental  work  conducted  to 
date  on  human  tolerance  to  heated  ambient  air.  This  curve  shows  that  the 
available  escape  time  at  400  °F  would  be  about  20  sec.  This  temperature  is 
comparable  to  the  respiratory  level  temperature  of  390  °F  selected  by  NACA 
as  discussed  in  the  following  section. 

3. 3. 1.2  Respiratory  Injury.  Since  occupants  of  burning  aircraft  may 
inhale  hot  gases  that  can  inflict  respiratory  system  injuries,  a  tolerance 
criterion  is  needed.  However,  a  thorough  knowledge  of  rapid  incapacitation 
from  respiratory  system  injury  is  lacking.  In  fact,  the  general  knowledge 
concerning  this  aspect  of  human  tolerance  is  so  limited  that,  for  all 
practical  purposes,  there  are  not  enough  data  available  to  establish  an 
escape  limit  threshold. 
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TEMPERATURE  OF  RADIATIVE  SOURCE  <*F) 


TOLERANCE  TIME.  SEC 


FIGURE  11.  HUMAN  TOLERANCE  TO  AMBIENT  AIR  TEMPERATURES 
(FROM  REFERENCE  22). 


A  temperature  of  390  °F  was  chosen  by  NACA  as  a  threshold  value  to  permit  a 
gross  comparison  of  the  relative  hazards  of  respiratory  and  skin  injury 
levels  (Reference  IS),  The  390  °F  was  chosen  since  it  is  the  highest  known 
temperature  to  which  a  human  respiratory  system  has  been  exposedwithout 
damage . 

3.3.2  Human  Tolerance  to  Toxic  Gases 

The  ability  to  escape  successfully  from  a  burning  aircraft  also  depends  on  a 
person's  tolerance  to  the  many  toxic  gases  present  during  a  crash  fire.  Of 
these,  carbon  monoxide  (CO)  is  generally  the  most  prevalent 

The  physiological  effects  of  various  carboxyhemoglobin  (COHb)  levels  are 
shown  in  Figure  12.  During  a  detailed  study,  NACA  established  that  when  an 
aircraft  occupant  breathes  enough  CO  to  cause  a  COHb  lovel  (the  percent  of  CO 
saturation  in  the  blood)  of  35  percent,  the  individual's  judgment  becomes 
impaired  (Reference  23).  Consequently,  when  a  COHb  level  of  35  percent  is 
reached,  the  occupant's  self- initiated  escape  capability  becomes  limited. 
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The  absorption  constant,  K,  depends  upon  the  ventilation  rate  (volume  of  air 
inhaled  per  minute)  of  the  exposed  person.  Since  the  ventilation  rate  de¬ 
pends  upon  the  type  of  work  being  done,  the  constant  K  is  equal  to  3  for  per¬ 
sons  at  rest,  5  for  light  activity.  8  for  light  work,  and  1!  for  heavy  work. 
NACA  has  chosen  a  ventilation  rate  equal  to  that  of  persons  engaged  in  light 
work  as  approximately  that  which  would  be  encountered  in  persons  attempting 
to  escape  from  a  burning  aircraft  (Reference  19).  Therefore,  a  value  of  8 
was  used  for  the  absorption  constant  in  deriving  the  curves,  figure  13  shows 
that  the  escape-limiting  35  percent  COHb  level  is  reached  when  the  individual 
breathes  3.0  percent  CO  for  90  sec. 


« 
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Although  the  escape  time  as  limited  by  CO  inhalation  is  generally  longer  than 
that  limited  by  thermal  skin  injury,  CO  cannot  be  disregarded  as  a  serious 
hazard.  The  relationship  between  ambient  temperature  and  CO  concentration 
will  be  dependent  upon  the  type  of  crash,  position  of  the  occupant  in  the  air¬ 
craft,  slope  of  the  impacted  terrain,  direction  of  the  wind,  and  availability 
of  fire-fighting  equipment.  It  is  entirely  possible,  especially  in  larger 
aircraft,  that  an  individual's  escape  time  could  be  limited  by  the  CO  concen¬ 
tration  in  the  air  rather  than  by  thermal  injuries. 

The  escape  time  based  on  CO  inhalation  must  be  considered  to  be  the  maximum 
escape  time,  since  some  of  the  other  toxic  gases  present  in  the  crash-fire 
environment  are  much  more  toxic  than  CO.  In  addition,  the  synergistic 
effects  of  combined  gases  and  heat  on  toxicity  are  not  well  defined,  although 
it  has  been  established  that  heated  gases  or  combinations  of  gases  can  be 
more  lethal  to  the  human  than  a  single  cool  gas.  Until  these  synergistic 
effects  are  studied  in  more  detail,  the  lethal  effects  of  each  gas  in  a  com¬ 
bination  must  be  considered  to  be  addHive  to  the  lethal  effects  of  the  other 
gases. 

Other  gases  that  may  limit  escape  lime  from  burning  aircraft  include  hydrogen 
cyanide  (HCN),  hydrogen  chloride  (HC1),  nitrogen  dioxide  (N0j>),  and  many 
others.  Approximate  human  tolerance  limits  to  the  most  commonly  expected 
aircraft  fire  gases  arc  given  in  parts  per  million  (ppm)  in  Table  1 
i Reference  24). 


TABLE  1.  TOLERANCE  TO  SELECTED  COMBUSTION  BASES 


Hazardous  Levels  (ppre)  for 
Times  Indicated _ 


Combustion  Gas 

Minutes 

1/2  hr 

1-2  hr 

8  hr 

Carbon  dioxide 

SO, 000 

40,000 

55,000 

32,000 

Carbon  monoxide 

3,000 

1,600 

800 

100 

Sulphur  dioxide 

400 

150 

50 

8 

Nitrogen  dioxide 

240 

100 

50 

30 

Hydrogen  chloride 

1,000 

1,000 

40 

7 

Hydrogen  cyanide 

ZOO 

100 

50 

2 

Although  there  is  considerable  variation  among  researchers  as  to  what  level 
of  a  particular  gas  does  constitute  a  life  hazard,  the  limits  given  in 
Table  1  are  typical  of  the  ranges  found.  Perhaps  more  importantly,  these 
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data  Illustrate  the  relative  lethality  of  the  various  gases.  Animal  experi¬ 
ments  have  confirmed  that  the  toxicity  rankings  of  three  of  the  most  common 
gases  are,  in  decreasing  order,  HCN,  N02,  and  HC1  (Reference  25). 

The  results  of  studies  on  the  irritant  gases,  acrolein  and  HC1 ,  showed  that 
these  gases  did  not  incapacitate  rats  or  baboons  without  causing  severe  res¬ 
piratory  tract  damage  and  possible  lethality  (Reference  26).  In  fact,  the 
threshold  concentration  for  incapacitation  by  these  gases  was  very  near  or 
even  within  the  lethal  range.  The  results  of  these  studies  indicated  that 
humans  may  be  able  to  tolerate  acrolein  and  HC1  at  considerably  higher  con¬ 
centrations  than  anticipated  without  being  prevented  from  escaping  a  post¬ 
crash  aircraft  fire. 


The  FAA  has  developed  nomographs  for  the  safe  discharge  of  Halon  fire  extin¬ 
guishing  agents  in  ventilated  compartments.  These  nomographs  were  based  on 
OSHA  limitations  which  state  the  acceptable  dosages  of  Halon  1211  and  Halon 
1301  are  4  percent-minutes  and  10  percent-minutes,  respectively.  The  FAA 
also  estimated  that  the  acceptable  dosage  of  carbon  dioxide  under  these  con¬ 
ditions  would  be  25  percent-minutes  (Reference  27). 

3.3=3  Human  Tolerance  to  Miscellaneous  Fire  Factcrs 


Discussions  with  survivors  of  actual  aircraft  accidents  have  indicated  that 
there  are  many  other  factors  associated  with  the  crash-fire  situation  that 
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and  throat  irritant,  fire-blocked  exits,  panic,  and  the  heat  factor  associ¬ 
ated  with  biowing  hot  air. 


Once  openings  appear  in  the  fuselage  shell  surrounding  the  occupants  during  a 
crash  fire,  rapid  airflow  through  the  occupiable  area  can  begin.  (It  was 
noted  during  some  of  the  full-scale  aircraft  burn  tests  conducted  by  AvSER 
that  airflow  through  the  fuselage  reached  speeds  as  high  as  35  mph.)  This 
airflow  is  usually  hot,  turbulent,  and  laden  with  toxic  gases  and  debris.  It 
can  create  a  high  startle  factor  in  the  occupants,  because  it  affects  their 
breathing  and  causes  them  to  lose  sight  of  the  surrounding  area.  Particulate 
matter  in  the  smoke  either  blocks  their  vision  or  gets  into  their  eyes, 
causing  the  individual  to  close  them.  Further,  the  smoke  enters  the  respir¬ 
atory  tract,  causing  severe  coughing  and  choking.  Panic  often  results. 

In  view  of  the  above  hazards,  the  question  of  whether  it  is  safer  to  stand  up 
or  crawl  out  of  the  aircraft  is  often  asked.  As  long  as  the  aircraft  fuse¬ 
lage  remains  intact  and  has  only  one  open  exit,  it  is  probably  safer  to  crawl 
toward  the  aircraft  opening  to  escape  the  elevated  temperature  and  toxic  gas 
region  near  the  ceiling.  However,  in  smaller  aircraft  with  openings  in  the 
fuselage  shell  and  in  large  aircraft  with  multiple  open  doors  and  exits, 
there  is  no  safe  location.  The  turbulence  in  the  airflow  due  to  seats,  occu¬ 
pant,  and  other  vortex  generators  is  so  great  that  no  safe  zone  exists.  Low- 
flammability  clothing,  a  sound  knowledge  of  evacuation  procedures,  and  the 
SDility  and  knowledge  to  hold  one's  breath  while  exiting  the  aircraft  are  the 
occupant's  primary  assets  for  survival.  Once  a  fire  has  started,  the  only 
aircraft-related  evacuation  advantages  an  occupant  can  have  are  properly 
designed  and  located  exits  and  slides,  escape  aisles,  and  emergency  lighting, 


28 


4.1  INTRODUCTION 


Postcrash  fire  research  and  accident  experience  with  the  crash-resistant  fuel 
systems  have  shown  that:  (1)  improvements  in  ground  fire-fighting  systems 
will  provide  little  improvement  for  chances  of  survival  in  accidents  where  a 
postcrash  fire  is  present,  (2)  a  reduction  of  fuel  spillage  and  ignition 
sources  during  and  following  a  crash  will  reduce  the  probability  of  postcrash 
fire,  and  (3)  greater  emphasis  on  "built-in"  postcrash  fire  protection  during 
the  aircraft  design  stage  will  improve  overall  postcrash  fire  resistance. 

The  primary  function  of  a  crash-resistant  fuel  system  is  to  prevent  a  massive 
postcrash  fire  long  enough  to  allow  for  occupant  escape. 

This  chapter  presents  basic  design  guidelines  for  Army  aircraft  systems  that 
will  inherently  resist  flammable  fluid  spillage  and  ignition  during  surviv¬ 
al  e  accidents.  It  briefly  discusses  some  of  the  harzardous  characteristics 
of  the  flammable  fluids  used  in  aircraft  systems.  It  then  discusses  the  fuel 
containment  approach,  followed  by  a  brief  summary  of  fuel  modification.  Igni¬ 
tion  source  control,  also  presented,  is  applicable  with  all  forms  of  spil¬ 
lage.  However,  it  has  not,  by  itself,  proved  to  be  a  practical  solution  to 
the  postcrash  fire  problem. 
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systems,  two  basic  requirements  must  be  met:  (1)  each  system  must  be  highly 
functional  from  the  standpoint  of  operational  and  maintenance  needs,  and  (2) 
the  combined  system  must  resist  causing  a  crash  fire.  These  requirements  can 
be  achieved  only  through  a  design  based  on  careful  integration  of  the  various 
systems,  with  full  consideration  being  given  to  operational  and  crash- 
resistant  requirements. 


The  mating  of  the  systems  that  offer  a  fire  reduction  potential  as  well  as 
the  required  operational  capabilities  may  increase  the  cost  and  weight  of  the 
aircraft;  however,  the  integration  of  a  crash-resistant  fuel  system  design 
philosophy  and  hardware  does  not  necessarily  imply  an  overall  weight  or  cost 
increase.  Simplicity  in  the  fuel  system,  which  is  desirable  from  the  stand¬ 
point  of  requiring  minimum  attention  from  the  crew,  may  well  lead  to  a  more 
crash-resistant  system.  By  following  the  design  suggestions  contained  herein 
and  by  thoroughly  understanding  the  fire  problem  as  discussed  in  Chapter  3, 
crash-resistant  systems  that  will  be  practical  from  the  standpoint  of  both 
weight  and  cost  can  be  designed. 


4.2  ELammE-fWiBs 


Nearly  all  fluids  used  in  aircraft  systems  are  flammable  to  one  degree  or 
another.  Many  research  efforts  have  been  conducted  to  determine  the  relative 
fire  hazard  of  one  fluid  over  another.  References  28  through  33  are  recent 
typical  examples. 


A  variety  of  factors  can  influence  the  actual  fire  hazard;  however,  probably 
the  single  most  important  issue  is  whether  or  not  Ihe  fluid  is  in  a  liquid  or 
mist  state.  Most  of  the  data  contained  in  the  standard  reference  manuals 


concerning  ignition  of  flammable  fluids  discusses  their  ignitibility  differ¬ 
ences  when  measured  in  a  motionless  pool  or  state.  Unfortunately,  this  is 
not  the  usual  situation  during  an  aircraft  accident. 

Careful  study  of  the  behavior  of  these  fluids  during  crash  impacts  clearly 
shows  that,  once  released  from  their  respective  systems,  they  are  readily 
converted  into  a  mist  state.  The  actual  particle  size  of  the  mist  will  vary, 
depending  ori  the  relative  airflow  into  which  the  fluid  is  being  expelled,  the 
pressure  behind  the  exiting  fluid  as  it  spills  out  of  its  containment  system, 
its  viscosity,  temperature,  thixotropic  characteristics,  and  other  physical 
units  of  measurements.  (See  Section  4. 6. 2. 2,  Hot  Surfaces,  for  a  more 
detailed  discussion  of  the  ignition  of  spilled  fluids.) 

Once  these  flammable  fluids  are  converted  into  a  mist  state,  the  measurable 
differences  become  quite  small.  The  increase  in  fire  safety  associated  with 
fluids  having  low  volatility  characteristics  are  essentially  eliminated  once 
the  fluid  is  in  the  mist  state.  In  fact,  tests  measuring  flame  propagation 
through  different  misted  aircraft  flammable  fluids  have  shown  that  there  is 
essentially  no  significant  difference  in  ease  of  ignition  or  flame  propaga¬ 
tion  speed,  even  when  measuring  such  fluids  as  gasoline  and  kerosene.  From  a 
crash-resistant  designers  point  of  view,  it  is  suggested  that  the  following 
philosophy  be  adopted  concerning  flammable  fluids. 

Assume  that  the  prevention  of  hazardous  spillage  is  the  paramount  issue,  then 
follow  these  guidelines: 

1.  Prevent  spillage  -  but  if  some  does  occur,  design  to: 

2.  Prevent  ignition  -  but  if  some  does  get  ignited,  design  to: 

3.  Isolate. 

4.3  FUEL  CONTAINMENT 

The  design  philosophy  for  crash-resistant  fuel  systems  in  aircraft  is  based 
upon  the  need  to  control  postcrash  fire  in  otherwise  survivable  accidents. 

In  examining  the  basic  elements  contributing  to  postcrash  fire,  three  factors 
emerge:  an  oxidizer,  a  combustible  agent,  and  an  ignition  source. 

Since  it  is  not  feasible  to  completely  control  the  supply  of  oxygen  immedi¬ 
ately  surrounding  the  aircraft,  control  is  best  exercised  over  the  remaining 
two  elements:  the  fuel  and  the  ignition  source. 

The  ideal  fuel  system  is  one  that  completely  contains  its  flammable  fluid 
both  during  and  after  the  accident.  To  accomplish  this,  all  components  of 
the  system  must  resist  rupture  regardless  of  the  degree  of  failure  of  the  sur¬ 
rounding  structure.  Success  of  such  a  system  depends  on  proper  selection  of 
materials  and  design  techniques  in  each  of  the  following  areas: 

•  Fuel  tanks 

•  Fuel  lines 

•  Supportive  components  and  subsystems. 
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There  is  no  single,  universally  adaptable  fuel  system  for  aircraft.  Each  air¬ 
craft  manufacturer  must  design  his  own  crash-resistant  system  based  on  the 
criteria  presented  in  the  following  sections.  A  rating  method  which  can  help 
the  designer  select  a  crash-resistant  fuel  system  design  for  his  particular 
aircraft  has  been  developed  and  used  on  a  variety  of  U.S.  Army  aircraft 
(Reference  34).  Although  the  criteria  given  below  are  specifically  appli¬ 
cable  to  new  aircraft  design,  it  also  is  possible  to  modify  existing  aircraft 
to  include  most  of  the  crash-resistant  fuel  system  principles  and  components. 

4.3.1  Fuel  Tanks 

4. 3. 1.1  Tank  Location.  The  location  of  the  flammable  fluid-carrying  tank 

in  an  aircraft  is  of  considerable  importance  in  minimizing  the  postcrash  fire 
hazard  from  a  tank  installation.  The  location  must  be  considered  with 
respect  to  occupants,  ignition  sources,  and  probable  impact  areas. 

Greater  distance  between  occupants  and  fuel  supply  tends  to  increase  escape 
time  in  the  event  of  a  fire  because  it  reduces  the  likelihood  of  fuel  en¬ 
tering  the  occupied  area.  Also,  the  tank  should  be  kept  away  from  probable 
ignition  sources.  While  this  is  not  always  feasible,  tanks  should  not  be 
installed  in  or  over  the  engine  compartment,  the  battery,  or  other  primary 
ignition  sources.  Another  important  consideration  is  the  location  of  tanks 
with  respect  to  probable  impact  damage.  Accident  histories  show  repeated 
tank  ruptures  and  consequent  fires  as  a  result  of  landing  gear  failures,  inrii- 
eating  the  tank's  high  degree  of  vulnerability  to  damage  from  surrounding 
structures. 

Locating  fuel  tanks  under  a  helicopter  floor  poses  a  serious  threat  because 
of  the  propensity  toward  accidents  in  near-level  flight  attitude  at  high 
sinking  speeds.  It  is  obvious  that  fuel  tanks  mounted  low  on  the  fuselage 
will  contact  the  ground  early  in  the  crash  sequence  and  will  be  exposed  to 
possible  penetrations  from  rocks,  stumps,  and  other  ground  irregularities. 
Thus,  a  good  design  technique  is  to  locate  fuel  tanks  higher  in  the  struc¬ 
ture.  As  much  aircraft  structure  as  possible  should  be  allowed  to  crush 
before  the  tanks  themselves  are  exposed  to  direct  contact  with  obstructions. 

Fuel  tanks  in  the  wings  should  be  located  behind  the  forward  spar,  as  far  out¬ 
board  as  possible,  but  not  at  the  tips.  Accident  investigations  have  shown 
that  placing  the  tanks  outboard  of  the  engine  nacelles  in  multiengine  air¬ 
craft  is  preferred  to  locating  them  inboard  of  the  engines.  Placing  the 
tanks  in  the  wing  tips  should  be  avoided  because  these  areas  are  anticipated 
impact  points.  If  fuel  must  be  carried  at  the  wing  tips,  consideration 
should  be  given  to  using  breakaway  or  jettisonable  tip  tanks. 

Reduction  of  fuel  tank  volume  must  also  be  considered.  If  the  fuel  tank  is 
nearly  full  and  located  in  an  area  where  considerable  structural  collapse 
occurs,  the  tank  may  be  subjected  to  pressures  that  exceed  its  design  limit. 

It  also  may  be  exposed  to  puncture  by  torn  and  jagged  metal.  Therefore,  if 
it.  can  be  predicted  that  the  structure  surrounding  the  tank  may  collapse  due 
to  compressive  loads  during  a  crash,  expansion  areas  into  which  the  tank  and 
its  contents  may  displace  should  be  provided. 
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Another  factor  that  can  govern  whether  or  not  a  fuel  tank  will  survive  a 
given  impact  is  the  method  of  failure  experienced  by  the  aircraft  structure 
surrounding  the  tank.  Care  should  be  taken  to  ensure  that  when  structural 
failure  occurs  in  the  area  of  the  tank,  sharp  cutting  surfaces,  penetrating 
spars  and  longeron:.,  and  other  injurious  structures  are  avoided  or  control¬ 
led.  Nonmetal  lie  fuel  tank  liners,  i.e.,  backing  board,  should  be  con¬ 
sidered  for  use  as  a  shield  against  the  above  injurious  mechanisms. 

The  strength  of  the  structure  surrounding  the  tank  also  must  be  considered, 
especially  if  bladders  are  used.  Crash-resistant  fuel  tanks,  as  defined  by 
MIL-T-27422,  have  demonstrated  their  ability  to  safely  contain  fuel  when 
placed  in  aircraft  structures  typical  of  the  general -aviation-size  aircraft. 
When  MIL-T-27422  was  written,  it  was  based  upon  the  results  of  a  twelve-year 
crash  test  program  which  used  aircraft  of  various  sizes  and  shapes  ranging 
from  the  small  LOH  helicopters  to  medium-sized  aircraft.  Whether  or  not  the 
data  gained  from  the  test  program  can  be  safely  applied  to  aircraft  of  the 
C- 141  or  C-5  size  still  remains  to  be  seen.  Extreme  caution  must  be  taken 
when  considering  locating  MIL-T-27422  fuel  tanks  in  airliner  structures  which 
are  designed  to  carry  loads  far  greater  than  those  which  currently  surround 
the  fuel  bladders  in  use.  These  structures  have  the  strength  and  weight  to 
readily  rupture  MIL-T-27422  tanks,  especially  if  the  fuel  tanks  are  not 
installed  in  accordance  with  the  guidelines  presented  in  this  manual. 

4. 3. 1.2  Tank  Shane,  The  ability  of  the  tank  to  displace  easily  and  with¬ 
out  snagging  is  largely  dependent  on  its  shape.  Cylindrical  or  rectangular 
shapes  appear  to  be  best,  whereas  tanks  with  protuberances  or  tanks  composed 
of  several  interconnecting  tanks  (see  Figure  14)  are  more  vulnerable  to  rup¬ 
ture.  Where  tanks  deviate  greatly  from  the  regular  cylindrical  or  parallel - 
piped  shapes,  consideration  should  be  given  to  the  use  of  separate  tanks  with 
interconnecting,  stretchable  hoses,  or  self-sealing  fittings.  To  minimize 
snagging  and  excessive  concentration  of  stresses,  inside  angles  should  be 
avoided  if  at  all  possible,  especially  in  the  lower  portions  of  the  tank. 

All  outside  angles  should  have  a  radius  of  at  least  1  in.  If  possible,  the 
tank  should  be  oriented  so  that  the  side  with  the  greatest  surface  area  is 
facing  the  direction  of  probable  impact., 

4. 3. 1.3  Tank  Materials.  The  concept  of  fluid  containment  requires  mate¬ 
rials  and  fabrication  techniques  that  will  maximize  the  energy-absorbing 
ability  of  the  fuel  system.  Tanks  constructed  in  accordance  with  earlier 
military  specifications  for  crash  resistance  lacked  such  qualities  and,  there¬ 
fore,  failed  under  minimal  severity  crash  conditions.  Crash -resistant  fuel 
system  research  has  shown,  however,  that  fuel  tanks  constructed  of  materials 
possessing  a  high  degree  of  cut  and  tear  resistance,  as  well  as  a  moderate 
degree  of  elongation,  can  accommodate  very  high  impact  levels  without  loss  of 
fuel.  These  research  programs  resulted  in  Revision  B  to  MIL-T-27422  for 
crash-resistant  fuel  tanks  (Reference  35). 

Tanks  made  to  the  revised  specifications  of  MIL-T-27422  have  demonstrated  an 
ability  to  hold  their  contents  safely  during  the  upper-limit  survivable 
crash.  However,  these  demonstrations  have  been  conducted  with  fuel  tanks 
containing  liquids  of  1000  gal.  or  less  or  installed  in  small -to-medium-sized 
airplanes  and  helicopters.  Additional  research  in  all  aspects  of  fuel  tank 
crash  resistance  should  o-z  conducted  before  tanks  with  capacities  exceeding 
1000  gal.  are  used,  or  before  such  tanks  are  installed  in  thicker  skinned 
airliner-sized  aircraft. 
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PREFERRED  SMOOTH  SHAPES 
AND  FLATWISE  ORIENTATION 


f  VOID  IRREGULAR  SHAPES 
AUG  INSIDE  ANGLES 


FIGURE  14.  TANK  SHAPES. 


In  order  to  provide  the  reader  with  a  better  understanding  of  the  properties 
of  crash-resistant  fuel  tank  materials,  the  following  general  discussion  is 
presented. 

Elongation  can  be  obtained  by  tank  deformation  or  material  stretch.  The 
amount  of  elongation  actually  required  is  unknown.  It  is  known,  however, 
that  f Mel  tanks  lacking  the  ability  to  elongate  are  either  fairly  strong 
(heavy)  or  brittle.  Both  types  are  easily  ruptured  in  moderate  crashes.  On 
the  other  hand,  crash-resistant  fuel  tank  studies  have  shown  that  light¬ 
weight  tanks  that  can  readily  rearrange  their  shape  (deform/elongate),  at  the 
same  time  exhibiting  a  high  degree  of  cut  and  tear  resistance,  can  hold  their 
contents  during  upper-limit  survivable  crashes. 


The  amount  of  tensile  strength  a  fuel  tank  material  should  possess  also  is 
debatable.  Early  attempts  to  define  a  fuel  tank  material  property  in  terms 
of  tensile  strength  proved  unsuccessful.  In  fact,  crash-resistant  fuel 
system  studies  showed  that  tanks  with  lower  tensile  strengths  were  more  dif¬ 
ficult  to  rupture  than  ones  with  higher  tensile  values,  providing,  of  course, 
that  the  tanks  still  exhibited  a  high  degree  of  cut  and  tear  resistance 
(Reference  36). 

At  the  time  of  this  writing,  the  only  reason  known  for  a  minimum  tensile 
strength  requirement  is  to  provide  enough  load-carrying  capability  between 
the  tank  wall  and  the  tank  fitting  to  cause  the  fitting  to  pull  free  of  the 
airframe  structure  rather  than  out  of  the  tank.  This  usually  requires  the 
breaking  of  some  sort  of  frangible  fastener  between  the  tank  fitting  and  the 
airframe. 

What,  then,  defines  whether  or  not  a  tank  is  crash-resistant?  The  overall 
results  of  extensive  U.  S.  Army-funded  crash-resistant  fuel  system  studies 
indicated  that,  cut,  tear,  and  impact  resistance  were  the  key  issues.  How¬ 
ever,  tank  shape,  flexural  modulus  of  the  material,  reinforcement  orienta¬ 
tion,  and  loading  rate  sensitivity  were  all  involved.  The  B  revision  of 
MIL-T-27422  was  prepared  as  a  result  of  the  U.  S.  Army  tests  and  is  the  best 
source  to  date  to  define  fuel  tank  crash  resistance. 

The  cut-  and  tear- resistance  tests,  defined  in  MIL-T-27422,  are  s  lf-explanatory. 
The  values  specified  have  proven  to  be  effective  in  actual  crashes. 


The  importance  of  a  material's  tear  resistance  is  illustrated  in  Figure  15. 
These  load-deflection  curves  were  obtained  from  tear  tests  of  3  x  7-in.  speci¬ 
mens  containing  an  initial  3-!n.-long  slit  (see  Figure  16).  Figure  15  shows 
the  load  required  to  propagate  the  initial  slit  as  a  function  of  the  displace¬ 
ment  of  the  pull  jaws  of  the  test  device.  The  area  under  the  curve  is  a 
measure  of  the  energy  required  to  completely  fail  the  specimen.  The  energy 
required  to  fail  the  MIL-T-27422B  material  is  almost  six  times  that  required 
for  the  0.063-in.  aluminum,  although  the  nylon/rubber  composite  is  lighter  in 
weight  than  the  aluminum.  The  MIL-T-27422B  composite  material,  though  some¬ 
what  heavier  than  MIL-T-27422A  material,  far  surpasses  M1L-T-27422A  material, 
both  in  the  load  necessary  to  propagate  the  tear  and  in  the  energy  required 
to  completely  fail  the  material.  Further  data  on  these  materials  are  avail¬ 
able  in  References  36  and  37. 

In  order  to  assure  that  proposed  tank  designs  have  seam  continuity,  proper 
fitting  installation  and  placement,  and  other  overall  crash  impact  resis¬ 
tance,  a  drop  test  requirement  was  included  in  the  MIL-T-27422B  revision. 

Preproduction  tanks  in  both  the  standard  30-in.  cubes  and  the  look-alike 
configurations,  with  all  openings  suitably  closed,  are  filled  with  water  to 
normal  capacity  (air  removed)  and  mounted  on  a  platform  of  the  design  shown 
in  Figure  17.  Lightweight  cord  is  used  to  maintain  the  tank  in  normal  flight 
attitude.  The  platform  is  raised  to  a  height  of  65  ft,  released,  and  allowed 
to  drop  freely  onto  a  nondeforming  surface  with  the  platform  horizontal 
(±10  degrees)  at  Impact  for  rotary-wing  aircraft  and  at  an  angle  of  20  + 

10  degrees  with  the  horizontal  for  fixed-wing  aircraft.  No  liquid  leakage  is 
allowable  following  the  test. 
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■  0.063-IN.  8081-T4  ALUMINUM 
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FIGURE  15.  RESISTANCE  OF  MATERIALS  TO  TEARING. 
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ever,  it  must  be  remembered  that  the  drop  test  does  not,  in  any  way,  evaluate 
puncture  or  tear  resistance.  The  65-ft  drop  height  provides  a  safety  margin 
should  an  aircraft  crash  with  a  significant  horizontal  component  or  after  a 
crash  into  rough  terrain  (e.g.,  rocks  and  stumps),  thereby  placing  localized 
loads  on  the  tank.  Furthermore,  aircraft  structures  surrounding  the  fuel 
tank  sometimes  fail  in  a  manner  that  creates  additional  hazards  to  the  tank. 
This  factor  also  is  considered  in  the  safety  margin  provided  by  the  65-ft 
drop  test. 

Review  of  recent  crash  data  indicates  that  fuel  tanks  that  have  beer  designed 
to  the  existing  criteria,  including  the  65-ft  drop  test,  are  sometimes  fail¬ 
ing  and  releasing  their  contents,  with  fires  resulting,  in  accidents  at,  and 
slightly  above,  the  human  survival  rarige.  This  suggests  that  the  design 
criterion  is  at  the  appropriate  level.  If  aircraft  impact  velocities  are  ex¬ 
pected  to  be  higher,  the  tank  material  criteria  may  need  to  be  increased 
accordingly.  Lower  anticipated  impact  speeds  may  allow  a  corresponding 
materials  criteria  reduction;  however,  such  reduction  should  not  be  allowed 
without  first  conducting  a  major,  long-term  test  program  to  measure  and  de¬ 
fine  the  requirements  necessary  to  maintain  crash-resistant  fuel  tank 
integrity. 


* 
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NOTE:  DIMENSIONS  N  INCHES  UNLESS  OTHERWISE  SPECIFtD 
TOLERANCES:  J.032 


FIG^  16.  SLIT  TEST  FOR  OBTAINING  RESISTANCE  TO  TEAR  PROPAGATION, 


The  other  criteria  discussed  in  the  following  sections  apply  regardless  of 
the  anticipated  impact  speeds. 


4. 3. 1.4  Tank  Fittings.  A  fuel  tank  failure  often 
displacement  of  the  aircraft  structure  in  relation 
places  stress  concentrations  at  tank  attachment  po 
caps,  tank  outlets,  boost  pumps,  and  drains.  The 
from  the  fuel  tank,  tearing  the  tank  wall.  Often, 
sufficiently  high,  this  tear  will  circumscribe  the 
27422B  became  effective,  fuel  tank  fittings  could 
. 30-caliber  self-sealing  fuel  tanks  at  loads  corre 
the  strength  of  the  tank  wall.  The  new  specificat 
fitting-retention  methods  in  keeping  with  the  high 
tank  materials. 


is  caused  by  physical 
to  the  fuel  tank.  This 
ints  such  as  filler  necks/ 
tank  fitting  can  be  pulled 
if  the  energy  levels  are 
entire  tank.  Until  MIL-T- 
be  torn  from  standard 
sponding  to  about  one-third 
ion  requires  high-strength 
strength  of  the  new  fuel 


MIL-T-27422B  specifies  that  all  fuel  tank  fittings  shall  have  a  pullout 
strength  of  at  least  80  percent  of  the  fuel  tank  wall  strength.  The  strength 
of  the  tank  material  is  determined  by  measuring  the  force  required  to  drive 
the  end  of  a  4-in. -diameter  rod  through  a  13-5/8-in.  diaphragm  specimen  of 
the  tank  material  that  is  supported  around  the  perimeter.  The  rod  has  a 
1/8-in.  radius  which  forces  the  end  into  the  sides.  The  rod  is  driven  at  a 
rate  of  20  in. /min. 
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NOTE:  DIMENSIONS  A  AND  B  SHALL  NOT  EXCEED  TANK 

DIMENSIONS  (WHEN  THE  LOADED  TANK  IS  IN  PLACE 
FOR  TEST)  BY  MORE  THAN  12  IN. 

IN  EITHER  DIRECTION. 


FIGURE  17.  DROP  TEST  FIXTURE. 


*  A  typical  method  for  measuring  the  fitting  pullout  strength  is  shown  in  Fig¬ 

ures  18  and  19.  A  test  sample,  containing  a  4-in. -outside-diameter  fitting, 
is  fabricated  of  the  tank  material  using  the  same  fitting  material  and  at¬ 
taching  methods  used  on  full-size  production  tanks.  A  225  ±  5-lb  weight  is 
„  attached  to  the  fitting  as  shown  in  Figure  18.  A  force  transducer  is  located 

between  the  fitting  and  the  weight,  as  close  to  the  fitting  as  possible.  The 
test  sample  is  attached  to  a  rigid  drop  cage,  dropped  from  a  height  of  20  ft, 
and  decelerated  in  a  distance  of  9  in.  or  less.  There  must  be  sufficient 
distance  between  the  bottom  of  the  weight  and  the  cage  to  prevent  bottoming 
prior  to  fitting  pullout.  The  peak  reading  from  the  force  transducer  i  >  the 
fitting  pullout  strength,  which  must  be  in  excess  of  80  percent  of  the  failure 
load  of  the  tank  material  but  need  not  exceed  30,000  lb. 

It  is  desirable,  as  a  goal,  for  the  fuel  tank  fitting  to  have  a  pullout 
strength  equal  to  that  of  the  tank  wall.  However,  tank  manufacturers  have 
experienced  great  difficulty  in  meeting  the  80-percent,  retention  requirement 
currently  specified  in  MIL-T-27422B.  Consequently,  the  80-percent  value  is  an 
obvious  compromise. 
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Two  high-strength  fitting  designs  that  have  met  the  80-percent  retention  re¬ 
quirement  are  shown  in  Figure  20.  Proprietary  designs  exhibiting  strengths 
close  to  or 'eVon  lightly  in  excess  of  the  fuel  tank  wall  strength  have  been 
demonstrated  recently.  Thus  it  may  be  feasible  to  delete  this  compromise  in 
the  future. 


FIBER-LOCK  RETENTION  TECHNIQUE 


FIGURE  20.  HIGH-STRENGTH  FITTING  RETENTION  TECHNIQUES. 


4. 3. 1.5  Tank  Attachments.  To  be  crash-resistant,  the  fuel  tank  must  be 
secured  to  the  airframe  and  connecting  plumbing  in  a  way  that  allows  the  tank 
to  pull  free  of  the  attachments  without  rupturing  when  structural  displace¬ 
ment  occurs  in  a  crash.  Frangible  brackets  or  bolts  can  be  incorporated  in 
the  attachment  technique  to  ensure  their  separation  at  specified  loads. 
Frangible  attachments  may  be  designed  to  fail  either  the  material  itself 
(e.g.,  thin-walled  hollow  bolts  that  will  fail  during  crash  impact)  or  some 
facet  of  the  design  (e.g.,  protruding  flanges  that  bend  on  exposure  to  crash 
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forces).  Several  concepts,  along  with  their  applications,  are  illustrated  in 
Section  4.3.3.  The  frangible  attachment  must  be  strong  enough  to  meet  all 
operational  and  service  loads  of  the  aircraft  within  a  reasonable  margin,* 
but  should  fail  at  25  to  50  percent  of  the  minimum  load  required  to  fail  the 
attached  system  or  component.  This  requires  careful  analysis  of  the  various 
components  in  the  fuel  system  for  probable  failure  loads,  load  paths,  and  de¬ 
grees  of  deformation.  A  sample  breakaway  load  calculation  is  shown  in 
Figure  21. 


ITEM 

LOWEST  FAILURE  LOAD  (LB) 

*  FAILURE  MODE 

Aircraft 

structure 

4000 

Shear 

Tank  fitting 

3000 

Pull  out  of 

tank 

Flange 

5000 

Shear 

Frangible  bolt 

Not  more  than 

Break 

=  Ison 

Not  less  than 

2°°.?-  ■  750 

(tenaion-shear) 

•Loads  may  or  may  not  be  representative} 

values  are  for 

explanatory  purposes  only. 

FIGURE  21.  SAMPLE  FRAN6JBLE  ATTACHMENT  SEPARATION  LOAD  CALCULATION. 


*A  factor  of  10  is  a  desirable  goal  to  ensure  that  inadvertent  actuation 
under  normal  operation  is  impossible.  It  is  realized  that  this  goal  may  not 
always  be  compatible  with  the  50-percent- attachment  failure  load  criterion; 
however,  the  service  load  margin  should  be  as  high  as  possible. 
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The  frangible  attachments  should  be  designed  to  separate  efficiently  in  the 
direction  of  force  most  likely  to  occur  during  crash  impact.  Crash  loads, 
whether  tension,  shear,  compression,  or  combinations  thereof,  must  be  deter¬ 
mined  for  each  attachment  by  analyzing  the  surrounding  aircraft  structure  and 
probable  impact  forces  and  directions. 


4.3.2 


> 


J 


4.3.2. 1  Line  Construction.  Damaged  fuel  lines  frequently  cau.e  spillage 
in  aircraft  accidents.  Lines  often  are  cut  by  surrounding  structure  or  worn 
through  by  chaffing  rough  surfaces.  The  use  of  flexible  rubber  hose  armored 
with  a  steel -braided  harness  is  strongly  suggested  in  areas  of  anticipated 
dragging  or  structural  impingement.  In  systems  where  breakaway  valves  are 
rot  provided,  these  stretchable  hoses  should  be  20  to  30  percent  longer,  be¬ 
fore  stretching,  than  the  minimum  required  hose  lengths.  This  will  allow  the 
hose  to  shift  and  displace  with  collapsing  structure  rather  than  be  forced  to 
carry  high  tensile  loads.  For  this  reason,  it  is  equally  important  that 
couplings  and  fittings  be  used  sparingly  because  of  their  propensity  to  snag 
and  restrict  the  natural  ability  of  the  hose  to  shift. 

All  fittings  used  in  the  fuel  system  should  meet  the  strength  requirements  of 
Tables  2,  3,  or  4  when  tested  in  the  modes  shown.  The  loads  are  always  ap¬ 
plied  through  the  hose  with  freedom  allowed  for  the  hose  to  form  the  bend 
radius.  Thus,  the  effective  moment  arm  for  the  bending  tests  changes  pri¬ 
marily  with  the  line  size  and  secondarily  as  the  applied  load  produces 
changes  in  the  bend  radius.  This  test  procedure  is  much  easier  to  mechanize 
than  one  requiring  a  constant  moment  arm  and  is  typical  of  what  happens  in  an 
actual  accident. 


All  fuel  lines  should  be  secured  with  breakaway  (frangible)  attachment  clips 
in  areas  where  structural  deformation  is  anticipated.  When  fuel  lines  pass 
through  areas  where  extensive  displacement  or  complete  separation  is  anti¬ 
cipated,  self-sealing  breakaway  valves  should  be  used.  The  valves  may  be 
specifically  designed  for  this  purpose  (Figure  22),  or  quick-disconnect 
valves  may  bo  modified  for  use  (Figure  23).  (See  Section  4.3.3. 1  for  a  more 
complete  discussion  of  self-seal ing  breakaway  valves.)  These  valves  must 
meet  all  operational  and  service  loads  of  the  aircraft  within  a  reasonable 
margin,  but  they  should  separate  at  between  25  and  50  percent  of  the  minimum 
failure  load  for  the  weakest  component  in  the  fluid-carrying  system.  A 
sample  breakaway  load  calculation  is  shown  in  Figure  24. 


In  designing  a  system  using  line-to  line  breakaway  valves,  one  should  con¬ 
sider  potential  hazards  to  cross-axis  shear  loading  on  the  valve  halves. 
While  omnidirectional  separation  is  not  an  absolute  requisite  for  most  1 i ne- 
to-line  valves,  it  is  highly  desirable,  and  every  attempt  should  be  made  to 
procure  omnidirectional  valves  if  there  is  any  possibility  of  cross-axis 
shear  loading. 


Figures  25  and  26  will  assist  the  designer  in  determining  the  lever  arms  and 
bending  moments  imposed  on  frangible  valves  or  other  attaching  hardware  of  a 
crash-resistant  fuel  system.  The  dimensions  given  are  for  standard  hrse  fit¬ 
tings.  When  using  nonstandard  fittings,  consult  the  appropriate  drawings. 
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TABLE  2.  REQUIRED  MINIMUM  INDIVIDUAL  LOADS  FOR  STANDARD 
HOSE  AND  HOSE-END  FITTING  COMBINATIONS 


Hose  End 
Fitting  Type 

STRAIGHT 
Tension  « 

Bending  • 


Minimum 

Minimum 

Fitting 

Tensile  Load 

Bending  Load 

liisi.  _ m _ '  _ l&i 


-4 

575 

450 

-6 

600 

450 

-8 

SOO 

700 

-10 

1250 

950 

-12 

1900 

1050 

-16 

1950 

1450 

-20 

2300 

1600 

-24 

2350 

2750 

-32 

3500 

4000 

-4** 

Tension  ■ 

-6** 

-8** 

-10 

•12 

-16 

-20 

Bending  - 

-24 

32 


575 

800 

600 

850 

900 

1250 

1250 

575 

1900 

675 

1950 

1200 

2300 

1250 

2350 

2025 

3500 

3500 

4$°_ELPQW 
Tension  » 


Bending  « 


"V 

i/3 

-6** 

600 

425 

-e'* 

900 

425 

-10 

1250 

425 

-12 

1900 

600 

-16 

1950 

1000 

-20 

2300 

1600 

-24 

2350 

2400 

-32 

3S0O 

3700 

‘Fitting  size  given  in  l/16-1n.  units,  i.e.,  -4  =  4/16 
or  1/4  ir . 

**E lbow  material  is  steel. 
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TABLE  3.  REQUIRED  MINIMUM  INDIVIDUAL  LOADS  FOR  SELF¬ 
SEALING  HOSE  AND  HOSE-END  FITTING  COMBINATIONS 


Hose  End 

Fittina  Tvrie 

Fitting 

Size* 

Minimum 

Tensile  Load 
Mb) 

Minimum 
Bending  Load 
(lb) 

STRAIGHT 

-10 

2000 

Tension  ® 

-12 

3120 

1050 

i 

-16 

2850 

1350 

n 

-20 

2650 

1700 

M 

-24 

3850 

2500 

ynrrr • 

-32 

2700 

- 

Bending  « 


90  ELBOW 
Tension  * 

Bending  » 

£ 


-10 

1550 

700 

-12 

3400 

3700 

-16 

3100 

4300 

-20 

2500 

2500 

-24 

3800 

2500 

% 


45°  ELBOW 
Tension  « 


-10 

1200 

450 

-12 

3000 

800 

-16 

3200 

1800 

-20 

2900 

1700 

-24 

3850 

2500 

Bending  = 


'Fitting  size  given  In  1/16-In.  units,  l.e..  -10  =  10/16 
or  5/3  in. 
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TABLE  4.  REQUIRED  MINIMUM  INDIVIDUAL  LOADS  FOR  SELF¬ 
SEALING  HOSE  WITH  FLANGED  END  FITTINGS 


Minimum 

Minimum 

Hose  End 

Fitting 

Tensile  Load 

Bending  Load 

E3R«i!>Kn?t% 

Sire* 

.  (lb) 

.  Ilb.) 

STRAIGHT 
Tension  » 

-12 

2700 

3600 

i 

-16 

2500 

1650 

X 

-24 

2800 

2500 

rnhy 

Bending  » 

an0  ri  nnu 


Tension  « 

1 

-12 

-16 

-24 

Bending  » 

£* 

• 

45°  ELBOW 
Tension  ■ 

-12 

2400 

2950 

2700 

1050 

3900 

2500 

■w 

•* 

•  • 

3100 

1000 

2100 

1350 

3450 

2500 

Bending  » 


‘Fitting  sire  given  In  1/16- in .  units,  t.e.,  -12  *  12/16 
or  3/4  In. 


I 
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FIGURE  22.  SPECIFICALLY  DESIGNED  BULKHEAD  (FIREWALL) -T0-HNE 
BREAKAWAY  VALVE.  (TENSION  ON  ATTACHING  HOSE  CAUSES 
VALVE  StPAKAi ION) 


FIGURE  23.  MODIFIED  QUICK-DISCONNECT  LINE-TO-LINE  VALVE.  (PULL 
OF  DESIGNATED  HOSE  WILL  CAUSE  VALVE  SEPARATION.) 
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ITEM 

LOWEST  FAILURE  LOAD 
(LB) 

FAILURE  MOOE 

Flex  Hose 

3-000 

Tensile  breakage 

Flex  Hose 

I ,  t'00 

Pull  out  of  end  fitting 

Hose  end  fitting 

1,050 

Break  (bending) 

Standard  AN  fitting 

1,700 

Break  (bending) 

Tube  elbow  fitting 
Component  structural 

1,200 

8reak  (bending) 

attachments 

4,500 

Pull  out  of  structure 

Breakaway  valve 

Not  more  than 

Lm  m  soo 

Not  less  than 
^-300 

Break  at  frangible  section 

Hoads  may  or  may  not  be  representative;  values  are  for  explanatory 
purposes  only. 

FIGURE  24.  TYPICAL  BREAKAWAY  LOAD  CALCULATION 
FQD  IN-LINE  BREAKAWAY  VALVE, 


When  applying  these  dimensions,  one  hose  diameter  (nominal)  should  be  added 
to  dimension  A  or  B,  whichever  is  used.  One  hose  diameter  is  added  because 
it  approximately  equals  the  offset  of  the  load  line  adjacent  to  the  hose 
socket  as  the  hose  collapses  when  pulled  in  the  bending  mode.  Dimension  A 
plus  the  nominal  hose  size  is  to  be  used  in  lever  arm  determinations  when 
standard  fittings  as  shown  are  used.  Dimension  B  plus  the  nominal  hose  size 
is  to  be  used  in  determining  the  lever  arm  when  other  than  standard  elbows 
are  used. 

For  example,  the  lever  arm  of  a  -16  size  standard  90-degree  hose  fitting  for 
self-sealing  hose,  from  Figure  26,  is  4.10  in.  plus  one  hose  diameter,  or 
1  in.  Therefore,  the  lever  arm  length  equals  4.10  4  1  -  5.10  in. 
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FIGURE  25.  STANDARD  HOSE  FITTING  DIMENSIONS. 
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A  B 

Hose  Maximum  Maximum 
Size  (in . )  (in. ) 

-10  3.66  3.16 

-12  3.54  3.06 

-16  3.62  3.06 

-20  3.77  3.16 

-24  3.76  3.06 


A  B 


Hose 

Size 

Maximum 
(in. ) 

Maximum 
(in. ) 

-10 

3.99 

3.16 

-12 

4.07 

3.06 

—  16 

4,19 

3.06 

-20 

4.50 

3.16 

-24 

4.53 

3.06 

A 

B 

Hose 

Maximum 

Maximum 

d*  «  _  ^ 

L?  X6C 

/  :  -  \ 
i  -Lii  •  ; 

( in . ) 

-10 

3.52 

3.16 

-12 

3.94 

3.06 

-16 

4.10 

3.06 

-20 

4.38 

3.16 

-24 

4.47 

3.06 

FIGURE  26.  SELF-SEALING  HOSE  FITTING  DIMENSIONS. 
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The  lever  arm  of  a  -10  size  standard  straight  hose  fittinc  for  self-staUng 
hose,  from  the  same  figure,  is.  3.66  in.  plus  one  hose  diameter,  or  .63  in. 
Therefore,  the  lever  arm  length  equals  3.66  +  .63  =  4.25  in. 

For  a  nonstandard  fitting  using  -10  size  self-sealing  hose,  ths  lever  arm 
would  be  3.16  in.  plus  one  hose  diameter,  .63  in.,  plus  the  lenyth  contributed 
by  the  nonstandard  component.  Therefore,  the  lever  arm  length  equals  3.16  + 
.63  +  component  length  (in  inches). 

Fuel  lines  are  often  used  as  the  means  of  applying  the  loads  necessary  to 
cause  self-sealing  breakaway  valves  to  separate.  While  much  discussion  here 
and  in  other  parts  of  this  section  highlights  the  hose  and  end  fitting 
strengths,  it  must  be  remembered  that,  in  order  for  a  valve  to  be  pulled  apart 
at  a  predetermined  load  value,  the  structure  supporting  the  opposite  end  of 
the  hose-to-val ve  connection  also  must  be  capable  of  carrying  the  load  This 
includes  bulkhead  fittings  and  fittings  terminating  in  components  such  as  car¬ 
buretors,  filters,  pumps,  etc.  Failure  to  recognize  and  design  arcund  these 
often  overlooked  weak  links  in  the  plumbing  system  can  negate  the  overall 
crash-resistant  design  effort. 

4. 3. 2. 2  Line  Routing.  Routing  of  hoses  should  be  carefully  considered 
during  the  design  stage.  Fuel  lines  should  be  routed  along  the  heavier  struc¬ 
tural  members,  since  those  members  are  less  likely  to  deform  or  separate  in  an 
accident.  Avoid  placing  wet  fuel  lines  in  areas  of  anticipated  impact  damage, 
such  as  adjacent  to  the  lower  external  skin  and  forward  of  the  wing  span. 
Evacuated  fuel  lines  can  be  considered  as  possible  exceptions  to  this  rule. 
Also,  it  is  important  that  hoses  have  a  space  into  which  they  can  deform  when 
necessary.  For  example,  when  hoses  pass  through  large  flat-plate  areas,  such 
as  bulkheads  or  firewalls,  the  hole  allowing  line  passage  should  be  consider¬ 
ably  larger  than  the  outside  diameter  of  the  line.  Hose  stabilization  as  well 
as  liquid-tight,  fire-tight  seals  still  can  be  maintained  if  a  frangible  struc 
ture,  such  as  shown  in  Figure  27,  is  used. 


If  design  requirements  limit  the  use  of  the  protective  measures  discussed 
aoove,  tui i  use  should  be  made  of  self -sealing  breakaway  couplings  located  in 


areas  of  anticipated  failures  and  structural  displacements.  Crossover  con¬ 
nections,  drains,  and  outlet  lines  present  a  special  problem  since  they  are 
usually  located  in  the  lower  regions  of  the  tank,  where  they  are  vulnerable  to 
impact  damage.  Space  and  flexibility  should  be  provided  at  the  connections  to 
allow  room  for  the  lines  to  shift  with  collapsing  structure.  Utmost  considera¬ 
tion  should  be  given  to  using  self-sealing  breakaway  fittings  at  each  line-to- 
tank  attachment  point. 


4.3.3  Supportive  Components 

Supportive  components  play  a  vital  role  in  crash-resistant  fuel  systems. 

Aside  from  providing  a  solution  to  specific  problems,  e.g.,  a  strainer  to  help 
clean  fuel,  they  also  must  be  capable  of  preventing  spillage  in  accidents  with 
resulting  forces  equal  to  or  better  than  the  tank  strength.  They  must  not  be 
the  weak  link  in  the  system.  Care  must  be  taken  during  the  design  and  testing 
phase  to  ensure  that  the  supportive  items,  some  of  which  are  discussed  below, 
will  not  fall  during  the  crash  sequence  and  allow  spillage. 
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FIGURE  27.  HOSE  STABILIZING  KITH  FRANGIBLE  STRUCTURE. 


4.3.3. 1  Self -Sea ling  Breakaway  Valves.  Self-sealing  breakaway  valves  are 
valves  designed  to  separate  into  two  or  more  sections  and  seal  the  open  ends 
of  designated  fluid-carrying  passages.  The  openings  may  be  in  fuel/oil  lines, 
tanks,  pumps,  fittings,  etc.  The  valves  fall  into  two  general  categories: 
th  "one-shot"  type,  which  usually  incorporates  a  frangible  portion  that 
breaks  upon  valve  operation  (Figure  28),  and  the  quick-disconnect  type,  which 
is  installed  so  that  it  will  be  triggered  (released)  during  the  crash  sequence 
(Figures  23  and  29).  Some  valves  in  use  today  have  both  these  features 
incorporated  into  their  design.  Each  specific  fuel  system  design  will  dictate 
which  of  the  two  types  of  valves  can  or  should  be  used.  In  either  case,  the 
valves  must  be  installed  in  a  manner  that  precludes  inadvertent  operation. 
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FIGURE  28.  "ONE-$HOT“  SELF-SEALING  VALVE.  (LOAD  ON  HOSE  OR  LOWER 
VALVE  BODY  CAUSES  SEPARATION  AT  FRANGIBLE  SECTION.) 


RELEASE  RING 


TRIGGER  CABLE  — 


VALVE 


r-i  r\/  uacc 

I  H-A  I  IVWU 


FIGURE  29.  CABLE -ACTUATED  QUICK-DISCQNN£CT  VALVE.  (IF  dGERED 
CABLE  SYSTEM  IS  USED,  ITS  LOCATION  MUST  BE  CAREFULLY 
SELECTED  TO  PREVENT  INADVERTENT  VALVE  ACTUATION  DURING 
NORMAL  AIRCRAFT  OPERATION  AND  MAINTENANCE.) 


The  forces  which  are  usually  applied  to  self-sealing  breakaway  valves  to 
cause  separation  are  transmitted  by  a  pulling  movement  of  the  flexible  fluid¬ 
carrying  hose.  As  the  hose  stretches,  a  force  is  transmitted  to  the  valve. 

If  the  force  is  great  enough,  something  finally  fails.  Hopefully,  it  is  the 
valve.  Unfortunately,  however,  sometimes  it  is  the  other  end  of  the  hose  or 
a  hose  end  fitting.  Care  should  be  taken  to  ensure  that  the  weak  link  In 
each  load-producing  system  is  the  frangible  section  of  the  self-sealing  break¬ 
away  valves.  Techniques  for  determining  the  weak  links  are  discusst  i  in  this 
section. 
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There  are  design  situations  where,  for  one  reason  or  another,  a  load  path 
other  than  the  hose  must  be  used.  Cable  lanyards  are  an  acceptable  alter¬ 
native  load  path  technique,  and  they  are  used  today  In  some  aircraft  instal¬ 
lations.  If  lanyards  are  used  to  transmit  the  force  t.o  cause  a  valve  to 
fracture  and  separate  (the  "one-shot"  type),  they  must  be  capable  of  carrying 
at  least  twice  the  amount  of  load  it  takes  to  fracture  the  valve.  If  they 
are  used  to  move  a  release  ring,  such  as  on  a  quick-disconnect  valve,  they 
need  to  be  at  least  twice  as  strong  as  the  force  required  to  move  the  ring. 

As  a  general  rule,  the  force  required  to  move  a  quick-disconnect  release  ring 
is  considerably  less  than  the  force  required  to  fracture  the  frangible  sec¬ 
tion  of  a  self-sealing  breakaway  valve,  consequently  a  lighter-weight  overall 
system  can  result. 

Self-sealing  breakaway  valves  should  be  located  at  each  fuel -carrying  tank 
outlet  and  at  locations  within  the  fuel  line  network  where  extensive  displace¬ 
ment  is  foreseeable,  such  as  wing  roots  or  engine  compartments.  The  purpose 
of  these  valves  is  to  prevent  rupture  of  the  tank,  hoses,  or  fitting  compon¬ 
ents  by  placing  a  "safety  fuse"  in  the  load  path. 

A  self- sealing  breakaway  valve  should  be  used  to  connect  two  fuel  tanks  in  a 
direct  side-by-side  arrangement  if  there  is  a  reasonable  probability  that 


installation. 


FIGURE  30.  TYPICAL  TANK-TO-TANK  SELF-SEALING 
BREAKAWAY  INTERCONNECT  VALVE. 
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Tank-to-line  Interconnect  valves  should  be  recessed  sufficiently  into  the 
tank  so  that  the  tank  half  is  flush  with  the  tank  wall  or  protrudes  only  a 
minimal  distance  beyond  the  tank  wall  after  separation.  This  feature  reduces 
the  tendency  of  the  valve  to  snag  on  adjacent  structures  during  the  crash 
sequence. 

The  frangible  Interconnecting  member  of  each  of  these  valves  should  be  suffi¬ 
ciently  strong  to  meet  all  operational  and  service  loads  of  the  aircraft 
within  a  reasonable  margin  but  should  separate  at  25  to  50  percent  of  the 
minimum  failure  load  for  the  weakest  component  in  the  fluid-carrying  line. 
Figure  31  illustrates  a  sample  breakaway  load  calculation. 
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FIGUFi  31.  TYPICAL  METHCi)  OF  BREAKAWAY  LOAD  CALCULATION 
FOR  FUEL  TANK-TQ-LIKE  BREAKAWAY  VALVE. 


Each  valve  application  should  be  analyzed  to  assure  that  the  probable  separ¬ 
ation  load  will  be  exerted  in  a  direction  and  manner  to  which  the  valve  is 
best  suited.  These  loads,  whether  tension,  shear,  compression,  or  combin¬ 
ations  thereof,  are  obtained  by  analyzing  the  aircraft  for  probable  impact 
force  and  direction  and  by  determining  the  consequent  structural  deformation 
around  the  valve. 


Self-sealing  breakaway  valve  designs  should  not  allow  dangerous  spillage  dur¬ 
ing  or  after  valve  separation.  The  valve  should  permit  no  external  leakage 
when  partially  separated.  For  this  reason,  valves  with  a  very  short  trig¬ 
gering  stroke  arc  superior  to  those  with  a  long  stroke. 

Operational  pressures  are  dependent  on  specific  applications,  but  the  valve 
designs  can  taka  advantage  of  the  available  line  pressure  to  assist  in  keeping 
the  self-sealing  mechanism  closed.  As  in  all  valve  designs,  light  weight  and 
minimal  pressure  drop  are  major  design  objectives,  but  the  resistance  of  the 
valve  to  direct  impact  or  to  high  compressive  loads  should  rot  be  sacrificed 
fo**  the  sake  of  weight  reauction. 


4, 3. 3. 2  Yen ts.  Vent  system;,  become  involved  in  the  crash  fire  episode 
'-/hen  the  aircraft  remains  upright  and  the  fuel  tank  is  compressed,  the  air¬ 
craft  rolls  far  enough  to  one  side  to  allow  fuel  to  drain  out  of  the  systems, 
and/or  when  the  vent  lines  fail. 


Vent  line  failure  often  occurs  at  the  point  of  exit  from  the  tank.  Failure  at 
this  point  can  be  reduced  by  using  short,  high-strength  fitting?  between  the 
metal  incet't  in  the  lank  and  the  vent  line.  The  vent  line  should  be  made  cf 
wire-covered  flexible  hose  and  should  be  routed  in  such  a  manner  that  it  will 
not  obviously  become  snagged  in  a  displacing  structure  and  tern  from  the 
tank.  Seif-sealing  breakaway  valves  also  can  be  placed  at  the  tank-to-1 ine 
attachment  area.  This  approach  becomes  mandatory  if  there  is  danger  of  the 
tank  being  torn  free  of  the  supporting  structure. 


Vent  l.nes  should  be  routed  inside  the  fuel  tank  in  such  a  manner  that,  if 
rollover  occurs,  spillage  cannot  continue.  This  cun  be  accomplished  with 
siphon  breaks  and/or  U-shaped  traps  in  the  line  routing. 


Many  fuel  systems  are  ideally  suited  for  the  Integration  of  rollover  float/ 
vent  valves  inside  the  fuel  tank.  These  valves  are  designed  to  operate  in  any 
attitude  and  to  allow  a  free  flow  of  air  while  prohibiting  the  flow  of  fuel. 
They  are  particularly  advantageous  during  rollover  accidents,  and  can  be  used 
in  lieu  of  flexible  lines,  breakaway  valves,  and  all  other  alternate  consider¬ 


ed  urii.  One  current  type  oi  vent  verve 
must  be  exercised  when  using  this  type  of  device,  as  they  do 
selves,  provide  thermal  relief  protection  for  expanding  fuel 
tection  when  stuck  closed. 
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If  the  fuel  system  is  to  bo  pressure  refueled,  it  should  be  noted  that  a  large 
bypass  system  tor  tank  overpressurization  will  have  to  be  used.  This  capabil¬ 
ity  can  be  built  into  the  vent  valve  or  can  be  incorporated  in  a  separate 
unit.  Large  spring-loaded  pressure  relief  valves  are  in  current,  use  today. 
Rollover  protection  is  provided  by  the  spring  valve,  but  tank  overpressuri - 
zation  due  to  tank  compression  causes  fuel  to  be  expelled  at  the  next  vent 
outlet.  In  either  case,  however,  care  must,  be  taken  to  ensure  that  spill ege 
resulting  from  overpressurization  due  to  tank  compression  during  a  crash  is 
released  away  from  aircraft  occupants  and  ignition  sources. 


4.3. 3. 3  Boost  Pumps.  Fuel  boost  pumps  fall  into  two  general  categories. 
There  are  the  tank-  or  line-mounted  types,  which  pressurize  the  fuel  lines, 
and  the  line-  or  engine-mounted  types,  which  suck  fuel  from  the  tank  and 
lines,  creating  a  slight  negative  pressure  in  the  fuel  lines.  Suction  fuel 
systems  pose  a  much  lower  threat  in  regard  to  crash  fires;  however,  both 
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FIGURE  32.  VENT  VALVE. 


systems  can  puss  potential  problems.  Some  boost  pumps  in  use  today  are  in¬ 
stalled  in  the  fuel  tank  and  are  rigidly  bolted  to  the  aircraft  structure. 
Crash  damage  to  the  pump  can  cause  fuel  spillage  and  also  supply  electrical 
sparks  for  ignition  of  fuel. 

The  state  of  the  art  in  fuel  system  design  has  shown  that  most  electrically 
driven  boost  pumps  can  be  eliminated.  Air-driven  boost  pumps  and  engine- 
mounted  suction-type  boost  pumps  now  in  operation  are  a  less  hazardous  alter¬ 
native  to  electrically-driven  boost  pumps.  When  fuel  pressure  is  required  for 
engine  start,  or  other  reasons  (i.e.,  APV),  electrically-driven  pumps  may  be 
considered.  If  electrical  pumps  are  used  for  this  purpose,  they  should  be 
deenergized  as  soon  as  they  ere  no  longer  needed. 

If  design  requirements  dictate  that  a  boost  pump  be  ins+'<1led  in  the  fuel 
tank,  it  is  suggested  that  the  pump  be  air  driven  and  t.  ■  it  be  rigidly 
bolted  to  the  fuel  tank  only.  If  the  pump  must  be  supported  or  attached  to 
the  aircraft  structure,  a  frangible  attachment  should  be  used,  as  shown  in 
Figure  33.  If  an  electrical  pump  must  be  used  for  engine  start,  it  should  be 
turned  off  once  the  starting  sequence  is  completed. 


55 


BOOST  PUMP - 


PUMP-TO-AIRCRAFT 
STRUCTURE  ATTACHMENT 
(FRANGIBLE) 


PUMP-TO-TANK  — ^ 
ATTACHMENT  BOLT 


AIRFRAME  STRUCTURE- 


FIGURE  33.  FRANGIBLE  ATTACHMENT  OF  AIR-DRIVEN 
BOOST  PUMP  TO  AIRFRAME  STRUCTURE. 


4. 3. 3. 4  Filler  Necks.  The  filler  necks  commonly  used  on  present-day 

ai, 'craft  can,  and  frequently  do,  cause  fuel  tank  failure.  Typical  filler  neck 
installations  place  the  cap  at  one  end  of  the  filler  tube  and  the  tank  at  the 
other  end.  During  periods  of  structural  displacement,  the  neck  can  be  pulled 
and  torn  from  the  tank,  leaving  ari  opening  in  the  tank  wall.  To  p  event  fuel 
spillage,  it  is  imperative  that  the  filler  cap  remain  with  the  tank.  To  do 
so,  it  should  be  mounted  at,  or  slightly  below,  the  tank  wall  surface. 

Although  the  use  of  filler  necks  is  not  recommended,  certain  aircraft  config¬ 
urations  require  their  use.  It  is  suggested  that  a  frangible  type  be  devised, 
as  shown  in  Figure  34.  Alternatively,  a  check  valve  can  be  placed  in  the  tank 
filler  opening  as  shown  in  Figure  35.  Another  suggestion  for  filler  attach¬ 
ments  is  the  frangible  ring  concept  presented  in  Figure  36. 

4. 3. 3. 5  Quantity  Sensors.  Accident  investigations  have  shown  that  quantity 
sensors  cause  two  types  of  tank  failures.  The  first  type  of  failure,  which  is 
common  to  most  quantity  sensor  installations,  involves  the  rigid  attachment 
between  the  sensor  entry  into  the  tank  and  the  aircraft  structure.  This  rigid 
coupling  cannot  accommodate  much  structura)  displacement  without  inducing  a 
tearing  failure  in  the  fuel  tank.  It  is  necessary,  therefore,  that  a  fran¬ 
gible  structure  be  used  for  this  type  of  tank  attachment  (see  Figure  37).  An 
alternate  approach  is  to  make  the  probe  mounting  attachment  frangible. 


FIGURE  34.  FRANGIBLE  l-ILLtK  NtCK  INSiALLAl ION. 


FIGURE  35.  CHECK  VALVE  INSTALLED  IN  CONJUNCTION 
WITH  FRANGIBLE  FILLER  NECK. 
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FIGURE  36.  FRANGIBLE  RING  ATTACHMENT  FOR  INSTALLING  FUEL  TANK  FILLERS, 


FIGURE  37.  FRANGIBLE  FUEL  QUANTITY  SENSOR. 
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The  second  type  of  sensor-induced  tank  failure  is  the  puncturing  of  the  tank 
by  the  long,  rigid,  tubular  sensing  probes  in  use  in  many  aircraft.  Correc¬ 
tive  approaches  to  this  problem  include  mounting  the  probe  at  a  less  hazar¬ 
dous  angle  or  using  curved,  frangible,  low-flexural -rigidity  probes  or  probes 
equipped  with  load-spreading  shoes,  fuel  counters,  and  float-and-arm  type  sen 
sors.  While  the  new  crash-resistant  tanks  have  greatly  reduced  this  problem, 
it  still  poses  a  hazard  that  should  be  remedied  in  the  larger  tanks. 

4. 3. 3. 6  Sump  Drains.  Sump  drains  are  a  frequent  source  of  fuel  spillage 
because  their  design  dictates  that  they  be  located  at  the  lowest  point  in  the 
tank,  in  close  proximity  to  the  most  probable  impact  area.  Figure  38  illu¬ 
strates  some  design  concepts  that  permit  maximum  drainage  without  the  drain 
protruding  beyond  the  face  of  the  tank. 


STANDARD  DRAIN  COCK  PROTECTED  BY  RAMPED  FITTING 


PUSH-TWIST  TYPE,  FLUSH-MOUNTED  DRAIN  VALVE 


VALVE  CLOSED  VALVE  OPEN 


FIGURE  38,  DESIGN  CONCEPTS  FOR  CRASH-RESISTANT  FUEL  DRAIN  COCKS. 
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4. 3. 3. 7  Fuel  Strainers  and  Filters.  In-line  fuel  strainers  should  not  be 
located  in  the  engine  compartment  if  such  a  practice  can  be  avoided.  Engines 
are  sometimes  torn  loose  during  crash  impact,  and  the  strainers  located  in  the 
compartment  are  susceptible  to  damage  from  the  displaced  engine.  Mounting  the 
strainers  directly  on  the  engine  is  not  desirable. 

The  engine  location  might  afford  some  protection  during  a  crash,  but  its  prox¬ 
imity  to  the  hot  engine  surfaces  creates  an  additional  hazard  from  ballistic 
hits.  Strainers  should  have  a  structural  attachment  capable  of  withstanding  a 
30  G  load  applied  in  any  direction  to  minimize  the  possibility  of  their  being 
torn  loose  during  crash  impact.  Self-sealing  breakaway  couplings  should  be 
used  to  attach  fuel  lines  to  the  fuel  strainers  if  there  is  a  probability  of 
line  damage  at  this  point.  Care  should  be  taken  to  assure  that  the  valve,  not 
the  strainer  or  filter,  is  the  weak  link  in  the  system.  One  recent  program 
installed  a  protective  jacket  over  the  removable  canister  portion  of  the 
airframe-mounted  fuel  strainer  (Reference  38).  The  jacket,  made  of  ballistic 
nylon  felt  and  surface  coated  to  provide  a  liquid  seal,  is  retained  by  nylon 
straps  with  Velcro  fasteners.  The  jacket,  shown  in  Figure  39,  inhibits 
penetration  of  the  canister  by  sharp  edges  of  surrounding  structure  in  the 
event  of  structure  deformation  during  a  crash.  In  the  event  that  the  fuel 
strainer  canister  does  become  jarred  from  the  fuel  strainer  head  during  a 
crash,  the  jacket  functions  as  a  wick  to  absorb  the  fuel  contained  within  the 
strainer  canister,  preventing  uncontrolled  discharge  of  fuel. 
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FIGURE  39.  FUEL  FILTER  PROTECTIVE  JACKET. 


4. 3. 3. 8  Caps  and  Access  Covers.  These  items  play  a  major  role  in  crash- 
resistant  fuel  containment.  Since  they  function  as  seals  for  tank  openings, 
their  failure  could  be  catastrophic.  Caps  having  a  minimum  rating  of  75  psi 


60 


or  greater  should  be  used.  Access  covers  should  hot  be  the  weak  link  in  the 
fuel  tank.  They  should  be  capable  of  carrying  loads  equal  to  or  greater  than 
those  which  the  tank  can  withstand. 

4. 3. 3-9  Spillage  Control  Valves.  During  the  1980's  two  valves  were  de¬ 
signed,  developed,  tested,  and  FAA  certified  for  use  on  light  aircraft  (Refer¬ 
ence  2.9).  These  valves,  installed  in  the  main  engine  fuel  line  before  it 
enters  the  engine  compartment,  are  designed  to  stop  the  flow  of  fuel  to  the 
engine  area  when  the  engine  is  not  running,  as  in  a  crash.  Normally,  when  a 
fuel  or  oil  line  is  broken,  fluid  will  drain  out.  If  this  drainage  is  in  the 
engine  area,  ignition  by  the  hot  surfaces  or  other  sources  is  likely.  The  use 
of  breakaway  self-sealing  valves  of  either  the  frangible,  one-shot  type  or  the 
quick-disconnect-coupling  configuration  can  stop  the  spillage  flow,  but  they 
require  displacement  and  resistive  forces  to  be  triggered  or  operated.  In 
many  small  aircraft  the  structure  is  simply  not  strong  enough  to  allow  the 
creation  of  forces  great  enough  to  operate  the  breakaway  valves.  The  struc¬ 
ture  can  be  locally  beefed  up,  cable  lanyards  could  be  used,  or  both  if 
necessary;  however,  the  following  approach  uses  neither. 

The  spillage  control  valve  assembly  (Figure  40)  consists  of  a  valve  body 
assembly,  pilot-pressure  operated  check  valve  components,  a  manual  by-pass 
plunger,  a  manual  by-pass  control  cable  assembly,  and  associated  seals  and 
0- rings.  The  valve  body  is  a  four-piece  aluminum  unit  with  integral  mounting, 
pi  lot -pressure,  and  inlet  and  outlet  bosses.  The  pilot-pressure  operated 
check  valve  components  consist  of  a  stainless  steel  poppet  and  guide  bushing, 
an  aluminum  piston,  and  a  valve  seat  intregral  to  one  of  the  portions  of  the 
valve  body.  The  manual  by-pass  plunger  is  a  double- sealed  stainless  steel 
unit  and  retains  the  cable  of  the  manual  by-pass  control  cable  assembly  by 
means  of  a  setscrew. 


FUEL  OUTLE1 


FIGURE  40.  SPILLAGE  CONTROL  VALVE  ASSEMBLY. 


The  manual  by-pass  control  cable  assembly  is  a  simple  push-pull  cable  assem¬ 
bly  with  a  solid  stainless  steel  wire  core  and  nonmetallic  outer  housing. 
Operation  of  the  manual  by-pass  is  by  means  of  a  lever-type  actuator 
assembly. 


When  the  aircraft  engine  is  operating  under  normal  conditions,  fuel  is  drawn 
from  the  fuel  tanks  through  fuel  lines  to  the  fuel  reservoir  tanks  and  fuel 
selector  valve  located  in  the  area  below  the  cabin  floor.  From  the  selector 
valve,  the  fuel  then  passes  through  a  line  to  the  spillage  control  valve. 

Fuel  enters  the  spillage  control  valve  assembly  through  a  port  located  on  the 
side  of  the  valve  body  assembly,  passes  through  the  internal  valve  components 
and  exits  via  a  boss  located  on  the  end  of  the  valve  body.  The  fuel  then 
passes  through  the  engine  start  boost  pump  to  the  airframe-mounted  fuel 
strainer  and  on  to  the  engine-driven  fuel  pump. 

The  valve,  previously  mentioned  as  being  integral  to  the  spillage  control 
valve  assembly,  is  more  accurately  described  as  a  pilot-pressure-operated 
check  valve.  When  the  aircraft  engine  is  operating  under  normal  conditions, 
the  check  valve  is  held  open  by  the  stem  of  a  piston  that  is  in  contact  with 
the  valve  poppet.  The  force  exerted  by  the  piston  stem  on  the  check  valve 
poppet  overcomes  the  poppet's  spring-biased  closing  force  to  keep  the  valve 
opened.  The  piston  force  is  developed  by  means  of  restricted  flow  unmetered 
fuel  pressure  (pilot  pressure)  from  the  engine-driven  fuel  pump  applied  to 
the  face  of  the  piston  opposite  the  stem.  At  all  engine  operating  speeds 
there  is  sufficient  unmetered  fuel  pressure  to  provide  sufficient  opening. 


Statically,  when  the  aircraft  engine  is  not  operating  and  the  engine  start 
fuel  boost  pump  is  off,  fuel  is  prevented  from  flowing  past  the  engine  fire¬ 
wall  by  the  spillage  control  valve  assembly.  In  the  static  condition,  no 
unmetered  fuel  pressure  (pilot  pressure)  is  available  to  the  modified  fuel 
system's  spillage  control  valve  assembly.  The  piston  of  the  pilot-pressure- 
operated  check  valve,  located  within  the  spillage  control  valve  assembly,  can 
develop  no  subsequent  piston  force  to  overcome  the  spring-biased  closing 
force  on  the  check  valve  poppet,  and  the  valve  remains  closed. 
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sure  produced  by  the  fully  filled  wing  tanks  against  the  poppet  of  the  pilot- 
pressure-oporated  check  valve  is  approximately  one-half  of  the  pressure  re¬ 
quired  to  open  the  poppet. 


Under  conditions  in  which  sudden  engine  stoppage  is  encountered  (i.e.,  pro¬ 
peller  strike,  fuel  system  line  failure,  or  foreign  object  ingestion),  the 
spillage  control  valve  assembly  reacts  to  the  loss  of  unmetered  fuel  pressure 
arid  prevents  fuel  flow  past  the  engine  firewall.  The  condition  of  sudden 
engine  stoppage  would  be  Identical  to  the  static  condition  of  the  system. 


Normal  starting  and  aircraft  engine  operation  on  aircraft  equipped  with  the 
modified  fuel  system  is  in  accordance  with  the  normal  aircraft  procedure, 
with  the  exception  that  the  manual  bypass  lever  of  the  spillage  control  valve 
must  be  actuated  prior  to  actuation  of  the  start  fuel  boost  pump.  Subsequent 
to  starting  of  the  engine,  the  manual  bypass  lever  should  be  returned  to  the 
"Normal"  position. 


In-flight  restart  of  the  aircraft  engine  on  aircraft  equipped  with  the  spil¬ 
lage  control  valve  is  also  in  accordance  with  the  recommended  normal  aircraft 
procedure,  with  the  exception  of  actuation  of  the  manual  bypass  lever  prior 
to  actuation  of  the  start  fuel  boost  pump.  Subsequent  to  a  successful  engine 
restart,  the  manual  bypass  lever  is  to  be  returned  to  the  "Normal"  position. 

The  valve  is  designed  so  that  failure  of  pilot  fuel  pressure  to  reach  the 
valve,  i.e.,  pilot  pressure  line  breakage,  will  not  cause  engine  stoppage. 

The  engine-driven  fuel  pump  can  pull  enough  fuel  through  the  spillage  control 
valve  to  obtain  the  maximum,  as  well  as  idle,  engine  power.  Operating  with 
the  valve  in  this  mode  is  similar  to  operating  in  the  bypass  mode  of  a  filter 
or  similar  type  component.  Should  the  pilot  pressure  fuel  line  break  (rup¬ 
ture),  the  resulting  spillage  can  be  prevented  or  held  to  a  minimum  by  incor¬ 
porating  a  self-sealing  breakaway  valve,  a  flow  restricting  orifice,  or  both. 

4.3.4  Fuel  System  Full-Scale  Crash  Test 

Consideration  should  be  given  to  conducting  a  crash  test  with  the  complete 
crash-resistant  fuel  system  in  enough  of  the  airframe  to  create  a  realistic 
situation.  Alternatively,  if  a  complete  airframe,  including  landing  gear, 
fuel  tanks,  occupants  (dummies),  etc.,  is  to  be  drop-tested  to  demonstrate 
crash  resistance,  it  is  recommended  that  the  complete  fuel  system  be  instal¬ 
led  and  filled  with  colored  water  to  demonstrate  prevention  of  fuel  spil- 
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speeds,  the  attitude  and  impact  velocity  for  the  fuel  system  test  should  be 
representative  of  the  attitudes  and  velocities  used  in  the  crash-resistant 
design  of  the  overall  aircraft.  The  recommended  design  velocity  changes  are 
listed  in  Table  5.  The  reader  is  referred  to  Volume  II  for  a  complete 
discussion  of  crash  design  conditions. 


TABLE  5.  SUMMARY  OF  DESIGN  VELOCITIES 
FOR  ROTARY-  AND  LIGHT  FIXED- 

WING  AIRCRAFT 

Velocity 

impact 

Change 

Direction 

(ft/sec) 

Longitudinal 

50 

Vertical 

42 

Lateral* 

25 

Lateral** 

30 

♦Light  fixed-winy  aircraft,  attack 
and  cargo  helicopters. 

♦‘Other  helicopters. 


4.4  OIL  AND  HYDRAULIC  FLUID  CONTAINMENT 


Oil  and  hydraulic  fluid  spillage  often  occurs  in  aircraft  accidents.  Fortu¬ 
nately,  these  fluids  are  carried  in  much  smaller  quantities  than  fuel. 
However,  they  are  easily  ignited;  oil  is  usually  carried  hot,  which  makes 
ignition  easier;  they  are  pressurized  in  places,  which  converts  them  into 
mists  when  they  are  released,  making  ignition  easier;  and  they  are  often 
carried  near  the  hot  engine,  which  can  readily  provide  ignition.  When  oil  or 
hydraulic  fluids  are  ignited,  they,  by  themselves,  constitute  a  low  threat  to 
aircraft  occupants.  But,  unfortunately,  they  function  as  ignition  sources 
for  other  combustibles,  especially  spilled  fuel.  Further,  they  migrate 
throughout  the  wreckage,  carrying  with  them  flames  that  otherwise  would  not 
be  present.  Oil  and  hydraulic  fluid  spillage,  therefore,  should  be  prevented 
at  all  reasonable  cost. 


Most  of  the  c^ash-resistant  design  criteria  presented  for  the  fuel  tanks, 
lines,  and  supportive  components  also  apply  to  these  fluid  systems.  Because 
of  their  relatively  small  capacities,  properly  protected  metal  tanks  may  be 
used.  It  should  be  recognized,  however,  that  metal  tanks  are  punctured 
easily  and  are  not  tear  resistant.  If  tank  puncture  is  likely,  several  alter¬ 
natives  are  available:  a  crash-resistant  tank,  like  the  fuel  tank,  can  be 
used;  the  tank  can  be  relocated  to  a  safer  area;  or  the  tank  can  be  shielded^. 


Experiments  have  been  performed  to  determine  the  practicality  of  shielding  a 
metal  oil  tank  with  a  1/2 -inch -thick  felt  cover  made  of  ballistic  nylon,  as 
shown  in  Figure  41  (Reference  39).  As  an  added  degree  of  spillage  protec¬ 
tion,  the  outside  surface  of  the  felt  was  coated  with  a  thin  layer  of  poly¬ 
urethane  resin  to  make  it  leakproof.  Since  preliminary  experiments  proved 
satisfactory,  a  similar  system  was  crash-tested  in  a  U.  S.  Army  UH-1  heli¬ 
copter.  The  tank  sustained  severe  impact  damage,  rupturing  a  tank  seam.  The 
spillage  leaked  out  into  the  felt  cover,  but  did  not  escape  from  the  felt  due 
to  the  polyurethane  coating.  This  system  is  simple,  light  in  weight,  easy  to 
install,  and  relatively  low  in  cost.  A  similar  felt  or  multi-ply  cloth  tank 
cover  is  now  being  used,  with  a  high  degree  of  success,  to  surround  the 
crash-resistant  fuel  bladders  carried  in  all  Indianapolis-type  racing  cars. 


When  metal  lines  must  be  used  in  these  systems,  they  should  be  designed  to 
incorporate  a  coil  or  two  of  extra  line  length  so  that  the  line  can  stretch 
to  accommodate  some  structural  distortion.  Also,  the  lines  should  be 
attached  to  the  airframe  with  clamps  that  will  fail  and  release  the  fluid 
lines  before  the  line  itself  fails,  thereby  allowing  the  line  to  change  its 
routing  to  help  accommodate  structural  distortion. 

Hydraulic  fluids  that  inherently  resist  burning  should  be  used  whenever  pos¬ 
sible  (Reference  40).  Most  of  these  fluids,  however,  have  operational  and 
maintenance  problems  associated  with  their  use.  Therefore,  designers  may 
wish  to  consider  the  trade-off  of  using  conventional  hydraulic  fluids,  as  com¬ 
pared  with  using  fire-resistant  fluids.  It  should  be  noted  that,  even  though 
the  new  fluids  are  fire  resistant,  most  of  them  will  still  burn  at  higher 
temperatures,  especially  when  in  a  mist  state.  The  characteristics  of  each 
fluid  must  be  studied  before  the  final  trade-off  decision  is  made. 
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FIGURE  41.  FELT  OIL  TANK  COVER. 


4.5  fuel  muumm 


One  method  for  decreasing  the  postcrash  fire  potential  Is  to  decrease  the  sus¬ 
ceptibility  of  aircraft  fuels  to  dispersion  and  atomization,  reducing  the  for¬ 
mation  of  combustible  fuel/air  mixtures.  This  can  be  done  through  the  use  of 
fuel  modification  additives.  These  modifying  agents  have  been  classified  as 
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additives  into  standard  aviation  fuels  provides  fuel  properties  that  decrease 
the  tendency  to  disperse,  atomize,  and  form  fuel  mists  following  crash- 
induced  fuel  system  failures.  As  a  result,  retardation  of  fuel  mist  fire- 
balling  and  fire  propagation  can  be  achieved. 


Studies  have  been  conducted  to  determine  the  feasibility  of  providing  post¬ 
crash  fire  protection  through  the  use  of  antimist  fuels,  emulsified  fuels,  and 
-gelled  fuels  including  full-scale  crash  tests,  such  as  the  jointly  sponsored 
^NAJA/FAA  Boeing  720B  crash  impact  demonstrations  (References  41  through  47). 

This  approach  has  been  somewhat  successful  when  used  with  low  volatility  fuels 
such  as  JP-5,  JP-8,  and  Jet  A,  However,  modification  of  highly  volatile 
fuels,  such  as  JP-4  and  aviation  gasoline,  has  not  been  effective.  Emulsified 
and  gelled  fuels  have  received  little  attention  recently  due  to  their  inherent 
system  compatibility  problems.  Further,  consideration  of  modified  fuels  has 
declined  since  the  development  and  use  of  crash-resistant  fuel  systems  in 
rotary-wing  aircraft.  However,  the  possible  use  of  antimist  fuels  in  fixed- 
wing  aircraft  where  crash -resistant  fuel  tanks  are  less  feasible  has  generated 
recent  interest. 


Although  turbine  engine  performance  is  not  adversely  affected  by  use  of  anti- 
mi$t  fuel  blends,  it  has  been  found  that  these  fuels  must  be  degraded  before 
starting  and  restarting  a  turbine  engine  with  a  standard  fuel  system.  During 
startup,  the  characteristics  of  the  antimist  fuel  suppress  the  atomization  of 
the  fuel  through  the  fuel  nozzle,  thus  starving  the  initial  ignition.  To  al¬ 
leviate  these  problems,  processes  are  being  investigated  that  will  reverse 
the  antimist  fuel  blend  so  that  the  fuel  can  return  to  its  near  normal  state 
prior  to  introduction  into  the  aircraft  fuel  feed  system. 

4.6  HiMITJPH  SOURCE  CONTROL 

Flammable  fluids  will  ignite  throughout  a  wide  range  of  temperature,  pres¬ 
sure,  atmospheric  composition,  and  ignition  source  conditions.  Generally, 
ignition  of  spilled  combustibles  during  the  crash  occurs  from  one  or  more  of 
the  following:  electrical  sources,  flames,  hot  surfaces,  and  friction 
sparks.  Components  most  usually  involved  in  the  ignition  process  include  the 
engine,  exhaust  system,  heater,  battery,  wiring  system,  and  various  lig 
bulbs.  References  48,  29  and  32  discuss  the  fuel  spillage  and  ignition 
situation  as  it  applies  to  aircraft.  The  discussion  under  Section  4.2,  Flam¬ 
mable  Fluids,  in  this  volume  can  also  help  the  designer  to  understand  the 
nature  of  the  fuel  spillage  problem. 

4.6.1  Electrical  Sources 

The  aircraft  electrical  system  is  a  potential  crash-fire  ignition  source, 
becaus*  it  is  distributed  extensively  throughout  the  aircraft  and  because 
electrical  discharges  are  able  to  concentrate  a  high  amount  of  energy  into  a 
small  volume. 

Disruption  of  a  current-carrying  electrical  circuit  can  result  in  fuel  igni¬ 
tion  by  electrical  sparks  and  arcs  that  are  released  when  exposed  wires  con¬ 
tact  grounded  surfaces.  Ignition  also  can  be  provided  by  wires  that  have 
been  heated  either  by  short  circuiting  or  by  normal  means,  as  in  an  incan¬ 
descent  light  filament.  The  common  incandescent  filament  in  a  landing  light 
is  hot  enough  to  Ignite  fuel  0.75  to  1.50  sec  after  bulb  breakage. 

Perhaps  the  most  important  aspect  of  an  electrical  discharge  ignition  source 
is  the  great  amount  of  energy  present  compared  with  the  small  amount  actually 
required  to  produce  fire  igoition  under  ideal  conditions.  Approximately 
0.15  millijoule  (0.11  x  IQ"3  ft-lb)  is  the  minimum  energy  for  spark  igni¬ 
tion  under  ideal  temperature,  pressure,  and  mixture  conditions. 

The  ignition  potential  of  the  aircraft's  electrical  system  may  be  reduced  by 
aircraft  modification  at  the  system  level  and  at  the  component  level.  The 
system  level  approach  is  concerned  with  de-energizing  electrical  generation 
or  storage  systems,  whereas  the  component  level  approach  is  concerned  with 
component  location  and  environment. 

4. 6. 1.1  System  level  Approach.  Reduction  of  crash-fire  ignition  by  the 
electrical  system  can  be  achieved  by  removing  from  the  electrical  circuit  all 
electrical  generation  or  storage  systems  before  or  during  the  early  phases  of 
the  crash  sequence.  The  de-energizing  can  bo  accomplished  by  opening  the 
electrical  circuit  at  the  output  terminals  of  each  energy-producing  com¬ 
ponent. 
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The  time  required  for  this  de-energizing  operation  is  of  utmost  importance. 
Crash-fire  data  previously  reported  by  NACA,  using  both  aviation-grade  gaso¬ 
line  and  low-volatil ity  fuel,  indicate  a  minimum  time  of  0.7  sec  between 
impact  and  fire  ignition  with  the  electrical  system  as  the  source.  During 
helicopter  crash  tests  by  AvSER,  it  was  observed  that  fire  started  to  prop¬ 
agate  approximately  0.58  sec  after  ground  impact.  During  tests  with  simu¬ 
lated  fuels,  massive  fuel  spillage  was  in  progress  as  early  as  0.20  sec  after 
impact.  Therefore,  each  de-energizing  device  must  be  capable  of  activation 
within  a  maximum  time  of  0.20  sec. 

'  The  primary  items  to  be  considered  for  de-energizing  are  the  batteries,  gener¬ 

ators,  and  inverters.  Several  precautions  must  be  taken.  Since  the  battery 
can  remain  a  potential  ignition  source  for  hours  after  a  crash,  ends  of  wires 
severed  from  batteries  must  be  prevented  from  contacting  the  structure  and 
»  thereby  providing  a  new  ignition  source.  The  generators  and  inverters  cannot 

be  satisfactorily  de-energized  by  simply  opening  field  circuits.  There  is  a 
considerable  time  lag  (0.385  sec  for  a  rotating  inverter)  between  DC  input 
cutoff  and  AC  output  termination  (Reference  49).  Therefore,  for  complete 
safety,  these  components  must  be  disconnected  from  buses  on  their  output 
sides.  NACA  also  recommended  that  consideration  be  given  to  grounding  the 
armatures  of  main  electrical  components  close  to  those  components  (Refer¬ 
ence  50) . 

Magnetos  and  igniters  are  of  special  interest,  since  they  are  high-energy 
sources  of  ignition.  If  these  components  were  de-energized,  the  fuel  in  the 
engine  during  the  crash  event  would  not  be  ignited.  However,  raw  fuel  then 
would  be  pumped  into  the  hot  exhaust  manifold,  resulting  in  a  fire.  Crash 
fire  research  has  demonstrated  that  it  is  better  to  turn  the  fuel  off  and  to 
leave  the  ignition  system  on  throughout  the  crash  sequence  (Reference  49). 

Relays  can  be  used  to  de-energize  components  and  to  activate  other  inerting 
elements.  In  the  case  of  batteries,  only  nonessential  buses  should  be  dis¬ 
connected  initially.  Power  must  be  provided  to  other  elements  of  the 
crash-fire  prevention  system  until  these  elements  have  completed  their  design 
functions.  A  time-delay  unit  can  be  used  to  cut  off  power  to  inerting  ele¬ 
ments  and  to  ground  the  disconnected  buses.  An  alternative  to  a  relay  con¬ 
tact  is  the  explosive  cable  cutter  shown  in  Figure  42.  The  electrical  system 
v  inerters  must,  in  any  case,  be  capable  of  resetting  components  in  the  event 

of  inadvertent  operation. 

4. 6. 1.2  Component  Level  Approach.  The  ignition  hazard  associated  with 
the  electrical  system  can  be  reduced  at  the  component  level  by  controlling 
component  location  and  environment.  The  following  guidelines  are  applicable 
to  batteries,  inverters,  generators,  alternators,  magnetos,  igniters,  radar, 
antennas,  and  lights. 

Components  should  be  located  above  and  away  from  flammable  fluid  sources. 
Leaking  flammable  fluid  should  not  come  in  contact  with  electrical  equipment 
or  wiring  as  a  result  of  gravity,  airflow,  or  battle  damage.  The  electrical 
system  components  should  be  located,  and  suitably  mounted,  in  areas  where  an¬ 
ticipated  impacts  will  be  minimal  and  where  maximum  anticipated  structural  de¬ 
formation  will  not  result  in  structural  impingement  on  either  components  or 
wiring.  Wires  should  have  6-in. -diameter  loops  near  their  component  connec¬ 
tions  to  accommodate  any  wire  tensioning  resulting  from  structural  deforma¬ 
tion.  All  wire  connections  should  be  made  on  a  component's  least-vulnerable 
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side.  Batteries,  inverters,  and  generators  should  be  mounted  in  compartments 
lined  with  tough,  nonconductive  shields.  The  shields  will  prevent  sparking 
between  terminals  or  severed  wires  and  the  aircraft  structure,  ihe  compo¬ 
nents  should  be  mounted  to  the  aircraft  with  structural  attachments  capable 
of  withstanding  30  6  loads  in  any  direction. 


Electrical  wires  should  be  routed  along  the  strongest  structural  members  and 
should  not,  in  general,  traverse  areas  VI  a.u..e.Kavcy  oeve.e  w 

formation,  e.g.,  in  leading  edges  of  wings  or  in  the  lower  regions  of  the 
fuselage.  Wires  that  must  pass  through  areas  o*  anticipated  structural  defor¬ 
mation  should  be  approximately  20  to  30  percent  longer  than  necessary.  The 
extra  length  should  be  accumulated  in  the  form  of  loops  or  S-shaped  patterns 
and  located  at  the  areas  of  anticipated  structural  deformation.  When  wires 
pass  through  structural  openings  or  bulkhead  holes,  the  openings  should  be  8 
to  12  times  larger  than  the  wife  diameter  and  appropriate  grommets  should  be 
provided.  The  wires  should  be  attached  to  the  aircraft  structure  with  clamps 
or  ties  that  will  fail  before  breaking  the  wire.  Nonconductive  shields 
should  surround  all  areas  where  wire  abrading  or  cutting  may  occur.  Wire 
bundles  have  been  wrapped  with  1/4-in. -thick  ballistic  nylon  felt,  success¬ 
fully  preventing  the  wires  from  being  cut  during  crash  tests  of  aircraft. 
Wires  should  not  be  routed  near  flammable  fluid  sources. 


The  mounts  for  antennas  and  lights  should  be  attached  to  the  aircraft  with 
frangible  structures.  The  wires  should  incorporate  a  shielded  covering 
and/or  a  breakaway  capability  A  suggested  installation  technique  for  a  ro¬ 
tating  beacon  is  illustrated  in  Figure  43.  This  approach  should  also  be  used 
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wherever  bayonet-type  connectors  can  be  used,  such  as  fuel  transfer  or  primer 
pumps.  Structural  impingement  upon  the  component  will  be  difficult  because 
the  tangible  mounting  structure  will  allow  the  beacon  to  displace.  The 
extra  wire  contained  in  the  loop  can  allow  for  considerable  beacon  movement 
without  failing*,  if  massive  displacement  is  anticipated,  shielded  failure 
points  can  be  used.  These  same  techniques  apply  for  all  similar  types  of 
components. 

4.6.2  Er.oine 

The  two  principal  engine  ignition  sources  are  (1)  intake,  combustor,  and 
exhaust  flames  and  (2)  hot  metal  surfaces.  The  differences  between  these 
two  relate  to  the  time  that  these  sources  persist  after  a  crash,  the  manner 
in  which  ignition  occurs,  and  the  mode  of  propagation  of  the  resulting  fire 
out  o'  the  engine. 
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4.6.2. 1  FI ames ♦  Heaters  and  engine  inlet  and  exhaust  flames  are  respon¬ 
sible  for  the  ignition  of  many  crash  fires.  During  the  crash  sequence, 
flaites  often  appear  when  heaters  are  torn  open  or  their  exhaust  systems  are 
sep  irated.  Flames  also  appear  at  the  engine  inlet  and  exhaust  due  to  engine 
breakup  or  rapid  changes  in  engine  loading,  as  can  occur  when  a  drive  shaft 
is  severed  or  a  propeller  i:  sheared. 

Flames  also  appear  at  these  locations  when  engines  ingest  spilled  fuel.  Tur¬ 
bine  engines  are  highly  susceptible  to  fuel  ingestion  because  of  the  rela¬ 
tively  long  period  of  time  required  for  the  turbine  to  coast  to  a  stop.  The 
ingested  fuel -air  mixture  enters  the  downstream  end  of  the  combustor,  where 
flames  may  persist  for  up  to  10  sec  after  fuel  cutoff.  The  ingested  mixture 
then  burns  in  the  tailpipe  downstream  of  the  turbine  (Reference  51).  Also, 
under  the  proper  conditions,  the  combustor  flarne  may  propagate  upstream 
through  the  ingested  mixture  and  exit  at  the  engine  inlet. 

The  occurrence  of  engine  inlet  and  exhaust  flames  and  the  resulting  ignition 
hazard  can  be  reduced  by  stopping  the  fuel  flow,  by  inerting  the  flame 
source,  and  by  providing  shielding  to  prevent  fuel  spillage  from  entering  an¬ 
ticipated  flame  areas.  The  engine  fuel  valves  should  be  closed,  but  the  ig¬ 
nition  system  should  be  left  on  to  permit  normal  burning  of  ingested  fuel  in 
order  to  prevent  undesirable  exhaust  or  inlet  flames. 

4. 6. 2. 2  Hot  Surfaces.  The  probability  of  flammable  fluid  ignition  due 

to  contact  with  a  heated  surface  during  a  crash  is  high  and  can  retrain  so  for 
several  minutes  after  a  crash.  The  circumstances  leading  to  ignition  are 
somewhat  involved;  however,  generally,  they  are  dependent  upon  the  type  of 
flammable  fluid  involved,  temperature  of  the  fluid,  composition  of  the  heated 
surface,  temperature  of  the  heated  surface,  geometry  of  the  heated  surface, 
ratio  of  the  fuel  to  air,  and  the  degree  of  fuel  atomization. 

Ignition  temperatures  vary  widely.  As  a  general  rule,  hydraulic  and  lubri¬ 
cating  oils  ignite  at  lower  flat-plate  temperatures  than  aviation  gasoline. 
JP-4  also  has  a  lower  flat-p^te  ignition  temperature  than  aviation  gaso¬ 
line.  The  lower  grades  of  gasoline  have  lower  ignition  temperatures  than  the 
higher  grades.  Kerosene  has  a  lower  ignition  temperature  than  JP-4. 

The  ignition  temperature  of  a  flammable  fluid  is  directly  related  to  the 
initial  fluid  temperature.  While  the  fuel  temperature  can  vary  considerably, 
depending  on  temperature  at  altitude,  on  the  ramp,  and  at  the  storage  facil¬ 
ity,  the  temperature  of  the  oils  is  of  more  concern.  As  mentioned,  oils  can 
ignite  at  a  temperature  lower  than  most  fuels,  and  since  they  are  carried  in 
the  heated  state,  low  hot-surface  temperatures  and  exposure  times  will  pro¬ 
vide  ignition.  Oil  fires  can,  in  turn,  act  as  ignition  sources  for  the 
fuel . 

The  time  between  fuel  contact  with  the  heated  surface  and  fuel  ignition  is 
directly  related  to  the  temperature  of  the  heated  surface.  As  shown  in  Fig¬ 
ure  44,  the  hotter  the  surface,  the  faster  ignition  can  occur.  Also,  it  can 
be  seen  that  ignition  can  occur  at  a  much  lower  surface  temperature  if  the 
exposure,  or  residence  time,  is  longer. 
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FIGURE  44.  OP-4  IGNITION  DELAY  VERSUS  SURFACE  TEMPERATURE 
{TAKEN  FROM  REFERENCE  50). 


The  ratio  of  fuel  to  air  also  governs  the  probability  of  ignition.  The  de¬ 
signer  must  assume  that  the  proper  ratio  does  exist  somewhere  within  the 
spillage  area. 

The  potential  hot  surface  ignition  sources  on  aircraft  with  reciprocating 
engines  are  the  intake  systems,  the  exhaust  gas  disposal  systems,  heaters, 
and  the  higher  temperature  regions  of  the  cylinders.  Ignition  sources  on 
turbojet  engines  include  the  internal  areas  downstream  of  the  compressor, 
externally  from  the  compressor  area  aft,  including  the  tailcone  and  tailpipe, 
and,  in  some  designs,  the  bleed  air  system.  The  gas  flow  through  a  turbojet 
engine  may  be  too  rapid  to  permit  the  ignition  of  ingested  combustibles  on 
hot  metal  in  contact  with  the  main  gas  stream.  However,  a  portion  of  the 
engine  airflow  is  diverted  to  hot  surfaces  net  in  the  main  gas  stream  where 
iynition  may  occur. 
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The  hot  surface  ignition  hazard  can  be  reduced  by  methods  analogous  to  those 
used  with  the  inlet  and  exhaust  flame  hazards.  An  inerting  system  can  be 
used  to  reduce  the  temperatures  of  hot  surfaces  to  predetermined  acceptable 
levels  and  to  surround  the  hot  surfaces  with  an  inert  atmosphere  to  preveht 
ignition  from  occurring  should  flammable  fluids  be  spilled  on  these  sur¬ 
faces.  In  previous  studies,  hot  surfaces  have  been  cooled  to  temperatures 
ranging  from  400  °F  to  760  with  satisfactory  results  (References  49 
and  52).  The  temperatures  to  which  hot  surfaces  must  be  cooled  to  prevent 
Ignition  must  be  determined  as  a  function  of  the  fuel  and  the  engine  config¬ 
uration  to  be  used;  however,  400  °F  should  be  used  as  the  upper  limit  for 
safe  hot  surface  temperatures. 

Shielding  also  can  be  used  to  prevent  spilled  flammable  fluids  from  reaching 
the  hot  surfaces. 


4. 6. 2. 3  Inerting  Systems.  The  function  of  inerting  systems  is  to  render 
ignition  sources  harmless  and,  therefore,  to  prevent  fire  or  explosion. 
Inerting  systems  can  be  designed  to  surround  hot  surfaces  with  an  inert  atmo¬ 
sphere  or  to  place  an  inert  atmosphere  in  an  area  where  an  ignition  source  is 
likely  to  appear.  With  an  inerting  system,  there  is  not  sufficient  oxygen  to 
support  combustion  when  flammable  fluids  contact  the  ignition  sources.  These 
systems  also  can  be  designed  to  perform  the  additional  function  of  cooling 
hot  surfaces  to  temperatures  below  the  ignition  temperatures  of  flammable 
fluids.  References  53  through  58  discuss  various  inertir.g  concepts,  includ- 
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being  used  with  some  success  today.  Knowledge  ot  temperature  gradients  ana 
cooling  rate  characteristics  for  each  particular  hot  surface  is  required  in 
order  to  design  an  adequate  cooling  and  inerting  system. 


Inerting  systems  which  also  cogI  must  be  capable  of  providing  a  high- 
discharge-rate  liquid  spray  for  rapid  cooling,  a  lower-discharge-rate  liquid 
spray  over  the  more  massive  hot  surfaces  for  a  longer  period  of  cooling  and 
inerting,  and  a  follow-up  inerting  spray.  Water  Is  a  preferred  coolant  be¬ 
cause  of  its  high  latent  heat  of  vaporization,  its  availability,  and  its  low 
cost.  Additives  to  the  water  can  be  used  to  protect  agaiirst  freezing  and 
corrosion  of  the  piping  system.  Nitrogen  and  carbon  dioxide  are  among  other 
inerting  agents  that  have  been  used  successfully  as  follow-up  sprays. 


Several  successful  hot-surface  and/or  flame  inerting  systems  have  been  de¬ 
signed,  tested,  and  incorporated  into  current  military  aircraft.  A  schematic 
diagram  of  a  hot-surface  inerting  system  used  on  a  reciprocating  engine  is 
shown  in  Figure  45  (Reference  49).  Systems  such  as  this  have  oeen  installed 
on  aircraft  and  crash  tested.  They  successfully  inerted  the  engine  and  ex¬ 
haust  systems,  thus  preventing  crash  fires. 


Testing  of  a  pyrotechnic  gas -generator- type  extinguisher  system  indicates 
that  it  offers  performance  improvements  over  the  pressurized  nitrogen-type 
system  (Reference  59).  The  pyrotechnic  system  was  more  effective  at  lot: 
temperatures  and  with  less  volatile  extinguishing  agents,  and  it  eliminated 
problems  associated  with  mixing  of  the  nitregen  and  the  liquid  agent. 
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FIGURE  45.  HOT  SURFACE  INERTING  SYSTEM. 


Flame -source  inerting  systems  are  designed  to  extinguish  combustor  flames., 
which  linger  long  after  the  fuel  has  been  cut  off.  The  flames  are  a  result 
of  the  ignition  of  fuel  that  remains  in  the  fuel  manifold  and  continues  to 
drip  into  the  combustor,  A  schematic  diagram  of  a  flame-source  inerting 
system  used  on  a  reciprocating  engine  is  shown  in  Figure  46.  Upon  actuation 
by  either  a  manual  or  a  crash-actuated  switch,  high-pressure  CG?,  or  a 
comparable  inert  gas,  is  released  into  the  engine  air  intake.  Concurrently, 
the  high-pressure  gas  is  used  to  activate  linkages  that  close  the  fuel  inlet 
valve,  the  oil  inlet  valve,  and  the  air  intake  opening.  The  large  volume  of 
inert  gas  released  into  the  engine  interior  quickly  dilutes  the  incoming  air 
to  the  point  of  nonflammability,  thereby  eliminating  the  flames.  As  the 
engine  continues  to  coast  to  a  stop,  the  Inert  mixture  is  pumped  through  the 
^ejaejine  jnd  expelled  $t  the  exhaust  outlet. 
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FIGURE  46.  FLAME-; SOURCE  INERTING  SYSTEM. 


In  a  turbojet,  application,  the  combustor  flames  were  eliminated  by  providing 
for  rapid  fuel  shutoff  and  draining  of  the  fuel  manifold.  The  system  is 
Shown  in  Figure  47  (Reference  51).  The  fuel  was  shut  off  by  a  pneumatically 
operated  valve  installed  in  the  fuel  line  between  the  engine  fuel-control 
unit  and  a  modified  pressurizing  and  dump  valve.  Simultaneously,  the  mani¬ 
fold  drain  valves  and  the  modified  pressurizing  and  dump  vaive  opened  and 
vented  the  fuel  manifold  overboard.  The  combustor  air  pressure,  available  at 
the  instant  the  fuel  shutoff  valve  closed,  then  reversed  the  fuel  flow  in  the 

nozzles  and  manifold  through  the  overboard  fuel  drains.  The  combustor  flame 

was  extinguished  In  0.23  sec  by  this  method. 

As  is  the  case  with  electrical  system  de-energizing  devices,  the  inerting 
systems  should  be  operable  within  0.20  sec  of  the  sensing  of  a  crash. 

Another  approach  available  to  the  designer  for  preventing  the  ignition  of 

flammable  vapors,  materials,  and  other  items  is  to  keep  the  areas  where  these 
items  are  located  surrounded  in  an  inert  atmosphere.  References  53  through 
b8  discuss  in  considerable  detail  these  new  approaches.  They  include  expel¬ 
ling  various  Halcn  gases  Into  the  surrounding  ceptive  atmosphere  to  render  it 
incapable  pf  sup^crting  combustion.  Halo/;  systems  can  be  used  in  oceupi able 


areas  as  well  as  in  the  ullage  space  inside  fuel  tanks.  Nitrogen  is  also 
used  as  the  inert  gas,  and  recent  research  ha:?  resulted  in  the  development  of 
>  the  OBIGGS  which  processes  engine  bleed  air  into  an  oxygen -depleted  product. 

The  inert  gas,  consisting  of  91  to  95  percent  nitrogen,  keeps  the  fuel  tank 
ullage  inert  and  thus  eliminates  the  threat  of  fire  or  explosion  due  to 
combat -induced  damage  or  natural  ignition  sources  such  as  lightning.  Care 
,  should  be  taken  to  keep  the  tank  overpressure  at  a  minimum  to  prevent  exces¬ 

sive  leakage  and/or  misting  of  fuel  if  tank  puncture  or  tearing  occurs. 

t 

The  performance  cf  the  OBIGGS  overcomes  many  of  the  concerns  and  logistic 
problems  associated  with  the  state-of-the-art  liquid  nitrogen  (LNo) 
systems.  A  life-cycle  cost  analysis  indicates  the  IGG  will  cost  oQ  percent 
less  than  the  LN2  system.  In  an  INp  system,  the  primary  factor  affecting 
the  cost  is  the  need  to  replenish  the  LNp  after  every  two  flights.  The 
OBIGGS,  a  self-contained  independent  system,  provides  the  logistic  indepen¬ 
dency  required  to  meet  the  requirements  of  various  military  operational 
scenarios. 
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4. 6. 2.4  Shielding.  Shielding  is  an  effective  method  of  preventing  flam¬ 
mable  fluids  from  reaching  potential  ignition  sources.  Shielding  can  take 
many  forms;  however,  there  are  three  general  methods  in  use,  with  a  fourth 
now  In  the  development  stage. 

The  first  method  of  shielding  uses  baffles.  Metal  or  other  rigid  paneling 
will  not  satisfy  the  shielding  requirement  because  of  its  inability  to  main¬ 
tain  an  effective  seal  in  areas  of  large  structural  displacement.  Sealed  cur 
tains  or  baffles  made  of  fire-resistant  cloth  or  similar  material  can  perform 
satisfactorily.  The  only  requirement  is  that  they  must  seal  all  openings 
through  which  flammable  fluids  could  travel  to  an  Ignition  source.  To  accom¬ 
modate  the  anticipated  structural  displacement.,  it  is  suggested  that  all 
curtains  and  shields  be  at  least  30  to  40  percent  larger  than  the  minimum 
size  required  to  protect  a  given  area.  Figure  48  illustrates  how  the  flex¬ 
ible  curtain  concept  was  used  to  keep  fuel  from  entering  the  occuplable  areas 
on  an  experimental  test  helicopter. 
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The  second  method  of  shielding  uses  spillage  flow  diverters  or  drip  fences. 
Once  liquid  has  settled  onto  a  sloping  surface,  it  flows  to  the  lowest 
point.  It  can  flow  on  top  of  a  surface,  or  it  can  cling  to  the  underside. 

In  either  case,  it  can  travel  a  considerable  distance  to  an  ignition  source. 
Chordwise  drip  fences  should  be  located  on  the  wing  on  each  side  of  wing- 
mounted  engines.  Drainage  holes  should  be  strategically  located  within  the 
aircraft  structure  to  drain  internal  spillage.  All  areas  containing  electri¬ 
cal  components  should  be  surrounded  with  a  spillage  gutter,  or  drainage 
trough,  to  prevent  flowing  spillage  from  entering  those  areas. 

Each  engine  and  exhaust  system  mount  should  Incorporate  a  drip  fence.  Fig¬ 
ures  49  through  51  illustrate  several  types  of  drip  fence  fuel -flow 
diverters. 


FjSUSE  49-  EXTERNAL  DRIP  FENCE. 


The  nird  method  of  shielding  uses  nonun t  We  flexible  paneling.  This 
type  of  paneling  should  be  used  as  a  liner  for  electrical  compartments  and 
other  regions  where  electrical  components  installed.  It  should  surround 
areas  of  electrical  wire  groupings  such  as  It. urinal  strips  and  power  control 
areas  Nonconductive  flexible  shielding  a'fsc  cen  be  used  for  shrouding  or 
enveloping  electrical  wiring.  The  shielding  should  be  used  in  all  places 
whe^e  structural  shift  or  collapse  could  cause;  impingement  on  electrical 
winng  or  related  components.  ' 

The  fourth  method  of  shielding  uses  protective  coatings  or  surfaces.  Studies 
have  p-.oduced  materials  that,  when  heated  or  exci  sed  to  other  environments, 
^expand  to  Insulate  and  protect  the  surface  to  tv/uch  they  ha' e  been  led. 
Intumescent  paints  are  an  example  of  this  form  of  shielding.  Studies  con 
itinue  to  show  that  the  skins  of  aircraft  fuselages  burn  through  quicker  when 
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subjected  to  external  fires  if  the  fuselage  interior  is  insulated.  Unfortu¬ 
nately,  from  the  standpoint  of  delaying  the  burn-through  time,  the  insulation 
is  on  the  wrong  side  of  the  skin.  Coating  the  outside  of  a  fuselage  with 
intumescent  paint  is  one  way  to  delay  burn-through;  however,  when  determining 
the  location  for  intumescent  paint  applications,  it  should  be  considered 
whether  or  not  the  specific  paint  used  has  a  toxic  out  gas  problem. 

4,6.3  Heaters 

Heating  units  often  are  provided  in  aircraft  cockpits  and  passenger  compart¬ 
ments.  These  units,  which  also  supply  deicing  air,  may  be  either  combustion 
or  engine  bleed-air  types. 

Bleed-air  heaters  normally  use  air  from  the  compressor  section  of  the  engine. 
Hot-surface  ignition  sources  on  turbojet  engines  are  downstream  of  the  com¬ 
pressor  section,  and  if  the  temperature  is  below  400  °F,  the  piping  system 
that  carries  the  bleed  air  to  a  mixing  chamber  should  not  be  an  ignition 
source.  If  a  temperature  survey  indicates  that  the  system  produces  temper¬ 
atures  above  400  DF,  suitable  inerting  and/or  shielding  should  be  provided. 

Combustion  heaters  will  produce  hot  metal  surfaces  that  should  be  treated  as 
potential  ignition  sources.  The  surfaces  of  the  heater  that  become  hot 
enough  during  normal  operation  to  cause  ignition  of  crash-released  flammable 
fluids  must  be  determined,  and  a  cool ing-and-inertina  system  must  be  de¬ 
signed.  The  coolant  must  not  be  an  irritant  to  aircraft  occupants.  A  water- 
detergent  solution  was  used  in  the  cooling-and-lnerting  system  described  in 
Reference  60. 


4.6.4  Sparks 


Two  types  of  sparks  should  be  considered  potential  ignition  sources:  fric¬ 
tion  sparks  and  electrostatic  sparks.  The  friction  spark  is  a  particle 
abraded  from  a  parent  material  through  contact  with  a  moving  surface.  Initi¬ 
ally,  the  particle  is  heated  by  friction.  If  the  friction  Is  great  enough, 
the  particle  can  burn,  thus  increasing  its  temperature.  Electrostatic  sparks 
resun.  irom  cue  uiscuarge  o i  an  e leCtr ostatic  charge  accumulated  on  parts 
during  normal  operation.  The  discharge  is  triggered  during  the  crash  when 
the  parts  are  separated  due  to  crash  forces. 


4.6.4. 1  Friction  Sparks.  Friction  sparks  become  possible  ignition 
sources  when  portions  of  aircraft  structure  are  scraped  along  the  ground. 
While  all  common  metals  can  be  abraded,  not  all  spark  sufficiently  to  ignite 
spilled  fluids.  Ignition  occurrence  depends  on  the  thermal  energy  of  the 
spark.  The  thermal  energy  is  a  function  of  the  bearing  pressure  with  which 
the  metal  is  abraded,  the  slide  speed  of  the  metal  structure,  the  hardness  of 
the  metal,  and  the  temperatures  at  which  the  metal  particles  will  burn. 


NACA  has  conducted  research  on  the  friction  spark  ignition  hazard  relative  to 
crashed  aircraft  (References  52  and  61).  Some  results  of  this  research  are 
listed  in  Table  6.  These  studies  indicated  that  aluminum  was  the  safest  of 
the  metals  tested,  since  it  produced  no  visible  sparks  and  did  not  ignite 
combustible  mists  at  the  highest  bearing  pressure  and  greatest  slide  speeds 
tested.  Of  all  the  metals  tested,  titanium  ignited  the  combustible  mist  most 
readily;  however,  stainless  steel,  chrome-molybdenum  steel,  and  magnesium  ail 
ignited  the  mist  at  slide  speeds  and  bearing  pressures  less  than  those  ex¬ 
pected  during  a  crash. 
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TABLE  6.  MINIHUK  CONDITIONS  UNDER  WHICH  CERTAIN 
ABRADED  METAL  PARTICLES  WILL  IONITE 


Hatr ' 

Minima 

Bearing  Pressure 
(Ib/ln.  ) 

Drag  Spaed 
iBBtll 

TttanlM 

21-23 

Less  than  S 

Chroxw-Mo lytxtenuM  atael 

30 

10 

Magnet Igft 

37 

10-20 

Stalnlaas  at awl 

50 

20 

Aluftlmw 

1.455* 

40 

•Ignition  was  not  obtained  with  alunslmsa. 


The  spark  hazards  of  tempos its  materials  are  the  subject  of  current  study. 
Tests  such  as  those  mentioned  above  are  being  conducted  with  these  materials 
to  determine  their  friction  spark  ignition  potentials. 

There  are  two  practical  methods  of  reducing  the  friction  spark  hazard.  One 
is  to  use  shielding  to  prevent  the  fuel  from  reaching  the  spark-producing 
area-,  and  Iht  other  is  to  build  the  probable  contacting  surface  out  of 
materials  having  little  or  no  spark-producing  tendencies. 

As  stated  above,  aluminum  was  the  least  likely  metal  to  ignite  spilled  flam¬ 
mable  fluids.  Build;ng  all  aircraft  structures  likely  to  come  in  sliding  con¬ 
tact  with  the  ground  out  o  aluminum  can  reduce  the  spark  hazard;  however,  it 
must  be  pair  ted  out  that  aluminum  also  is  easily  abraded.  It  can  tear  when 
sliding,  them  ex^o^icq  other  metals  that  might  spark  and  ignite  the  spil¬ 
led  fuel.  There  foe,  th*  -4  eas  most  apt  to  come  in  sliding  contact  with  the 
ground  should  bt  reinforced  *0  that  longer  contact  times  are  possible  without 
skin  failure  due  t.c  abrasion  Particular  attention  should  be  given  to  attach¬ 
ment  points  for  hoists,  land  ng  qears,  and  other  components  located  in  anti¬ 
cipated  impact  areas.  AUo,  particular  attention  should  be  given  to  the 
location  of  steel  bolts,  nut*  and  washers.  All  too  often  an  otherwise 
spark-free  area  is  contaminated  by  locating  a  spark-producing  bolt  or  nut 
within  it. 

4. 6. 4. 2  Electrostatic  Sparks.  During  the  course  of  the  NACA  research, 
it  was  noted  that  electrostatic  discharge  from  a  wheel  strut  caused  ignition 
of  a  fuel  mist  and,  ultimately,  the  destruction  of  the  test  aircraft  (Refer¬ 
ence  52).  This  ignition  source  was  produced  by  a  combination  of  environ¬ 
mental  conditions  that  would  occur  infrequently.  It  may  be  possible  to 
reduce  electrostatic  charge  buildup  by  applying  coatings  to  those  parts  of 
the  aircraft  likely  to  be  separated  in  a  crash.  Additional  research  is 
required  to  develop  methods  of  eliminating  this  hazard. 
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A  crash-fire  prevention  system  should  include  an  initiating  system  that 
senses  the  existence  of  crash-fire  conditions  and  causes  action  to  be  taken 
to  suppress  the  ignition  sources.  The  initiating  system  should  meet  the 
following  design  requirements: 

•  The  system  should  not  be  capable  of  accidental  operation  as  the  re¬ 
sult  of  malfunctioning  sensors  or  short  circuits. 

•  The  system  should  be  designed  to  operate  automatically  upon  receipt 
of  coincident  signals  from  redundant  sensors. 

•  The  pilot  should  be  capable  of  operating  the  system  manually  and  of 
overriding  the  automatic  signals. 

•  The  system  should  be  designed  for  positive  airborne  and  ground  check¬ 
out,  with  reset  capability  provided. 

Sensors  and  the  discriminating  circuitry  used  to  derive  the  automatic  signals 
must  be  carefully  selected  and  developed.  References  62  and  63  discuss  this 
area  in  detail.  The  skill  and  knowledge  of  the  designers  also  are  important 
in  determining  the  location  and  installation  of  the  sensors.  A  discussion  of 
sensors  and  criteria  for  aircraft  application  are  contained  in  Chapter  8  of 
this  volume  (Crash  Locator  Beacons). 

The  activating  circuitry  should  be  designed  to  avoid  inadvertent  operation  of 
the  crash-fire  protection  system.  Crash  signal  redundancy  is  the  key  element 
in  any  such  fail-safe  system.  This  design  philosophy  is  illustrated  by  the 
activating  circuitry  shown  schematically  in  Figure  52.  This  circuitry  was 
developed  for  reciprocating,  multiengined  aircraft  by  NACA  (Reference  64).  A 
signal  from  any  one  of  three  switches  will  result  in  the  inerting  of  one  of 
the  engines.  A  fuel  tank  penetration  switch  Indicates  when  the  wing  has  been 
penetrated  and  will  result  in  de-energizing  the  electrical  circuits  within 
the  wing.  Either  the  inerting  of  an  engine  or  the  de-energizing  of  a  wing's 
electrical  circuits  will  cause  a  signal  to  be  sent  to  an  arming  control  box. 
This  signal  must  be  combined  with  signals  from  two  ground  contact  switches  to 
actuate  the  entire  inerting  system.  This  requirement  for  simultaneous 
signals  from  different  types  of  initiating  switches  reduces  the  possibility 
of  the  entire  inerting  system  operating  while  the  aircraft  is  still  in  the 
air. 

A  schematic  of  activating  circuitry  that  could  be  applied  to  rotary-  and 
fixed-wing  single-engine  aircraft  is  shown  in  Figure  53  (Reference  65).  The 
average  reading  of  four  proximity  switches  is  compared  with  the  aircraft's 
normal  landing  height.  If  the  average  is  less  than  the  normal  landing  height 
for  a  period  of  time  that  exceeds  a  preset  minimum  duration,  an  arming  signal 
is  initiated.  A  second,  independent  arming  signal  provided  by  a  hazard 
switch  is  required  before  automatic  operation  of  the  ignition-source  suppres¬ 
sion  system.  This  hazard  switch  may  be  any  of  the  sensors  previously  discus¬ 
sed.  Provisions  also  are  included  for  pilot  input  to  the  arming  signal  and 
for  pilot  override  of  the  entire  system. 
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FIGURE  52. 
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SYSTEM  FOR  TWIN-ENGINED  AIRPLANE. 


A. 7  FOAMS.  HONEYCOMBS,  AND  MISCELLANEOUS  VOID  FILLERS 

When  designing  a  fuel  system  to  reduce  or  eliminate  the  likelihood  of  flam¬ 
mable  fluid  vapor  ignition  due  to  static  electricity,  lightning  or  ballistic 
impacts,  matrix  structures  have  been  placed  inside  the  tank.  In  some  appli¬ 
cations,  such  structures  have  also  been  located  on  the  outside  walls  of  the 
tank  cavity.  Such  matrix  structures  include,  but  are  not  limited  to,  the 
following: 


•  Expanded  aluminum  foil 
t  Reticulated  sponge  foam 
o  Closed  pore  sponge  foam 
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•  Open  pore  sponge  foam 

•  Rigid  plastic  foam 


FIGURE  53.  POTENTIAL  ACTIVATING  CIRCUITRY 
FOR  SINGLE-ENGINE  AIRCRAFT. 


While  these  structures  offer  various  degrees  of  protection  from  the  above 
hazards,  they  can  also  become  a  hazard  themselves  during  a  crash.  The  matrix 
structures  tend,  to  various  degrees,  to  inhibit  fluid  movement.  They  do  so 
by  providing  a  system  of  infinite  baffles  or  flow  interrupters.  Unfortu¬ 
nately,  if  tank  openings  occur  during  a  crash  and  fluid  is  ejected  out  the 
openings,  the  fluid  passes  through  the  matrix  structure.  This  tends  to 
atomize  the  spillage,  thereby  aiding  the  ignition  process. 

If  foams  and/or  expanded  metal  honeycombs  are  to  be  used  for  rioncrash  igni¬ 
tion  prevention,  consider  the  consequences  of  spillage  during  a  crash.  In 
areas  where  spillage  from  a  damaged  tank  is  likely,  it  is  suggested  that  some 
form  of  compartmentation  or  shielding  be  employed  to  isolate  the  spillage 
from  both  the  usual  ignition  sources  and  the  occupants. 
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5.  INTERIOR  MATERIALS 


5.1  INTRODUCTION 

While  every  effort  should  be  made  to  prevent  a  major  postcrash  fire  by  con¬ 
taining  the  fuel,  as  much  protection  as  possible  should  be  provided  for  the 
occupants  in  case  a  fire  does  start  at  any  time.  Careful  selection  of 
interior  materials  can  slow  the  spread  of  smaller  fires  and  give  occupants 
time  to  evacuate  the  aircraft  safely  or  to  be  rescued  by  other  personnel. 

The  protection  afforded  against  in-flight  fires  is  as  important  as  postcrash 
fire  protection.  Often,  fire-hardening  of  the  aircraft  interior  can  result 
in  a  controllable  in-flight  fire  incident  rather  than  a  catastrophic  fire 
accident. 

It  would  be  desirable  to  present  the  designer  with  a  concise  list  of  mate¬ 
rials  that  should  be  used  in  aircraft  interiors.  Unfortunately,  this  is  not 
possible  at  the  present  time  for  two  major  reasons.  First,  the  selection  of 
interior  materials  is  dependent  on  several  varied  and  sometimes  conflicting 
design  criteria.  For  instance,  seat  cushion  materials  must  possess  compres¬ 
sive  modulus  and  rebound  characteristics  necessary  for  crash  resistance, 
restraint  webbing  must  meet  definite  elongation  criteria,  and  seat  upholstery 
must  possess  a  minimum  wear  resistance.  At  the  same  time,  these  materials 
should  provide  maximum  fire  resistance.  Many  materials  currently  available 
cannot  meet  all  of  the  criteria  simultaneously;  thus,  priorities  must  be 
established  and  trade-offs  must  be  made.  One  factor  compounding  this  problem 
is  that,  at  the  time  this  volume  is  being  written,  there  is  no  one  place 
where  all  material  properties,  including  flammability  data,  are  available. 

This  situation  should  be  rectified  shortly  when  the  Urban  Mass  Transportation 
Administration  data  bank  is  fully  operational  (see  Section  5.5.4). 

The  second  major  reason  that  precludes  a  listing  of  recommended  materials  is 
that  a  great  deal  of  activity  has  been  directed  toward  the  development,  of 
materials  and  testing  methods  in  the  last  few  years.  This  field  is  still 
very  active  and  new  materials  and  tests  are  being  developed  constantly.  The 
designer  should  be  aware  of  this  and  select  the  best  possible  materials  for 
the  aircraft  interior.  Many  improved  materials  only  now  are  becoming  avail¬ 
able  or  will  become  available  before  the  Design  Guide  is  revised  again. 

Because  the  aircraft  designer  must  choose  the  materials  for  the  aircraft 
interior,  considering  all  the  necessary  criteria  that  these  materials  should 
meet,  it  is  essential  that  the  designer  have  the  knowledge  upon  which  to  base 
intelligent  selections  and  trade-offs.  Therefore,  the  following  sections  pre¬ 
sent  in  some  detail  the  various  aspects  of  material  flammability  hazards,  cur¬ 
rent  testing  methods,  and  flammability  properties  of  some  currently  used  and 
newly  developed  materials.  Guidelines  for  making  trade-offs  between  con¬ 
flicting  criteria  also  are  presented.  This  background  information  should 
assist  the  designer  in  evaluating  and  selecting  interior  materials  that  will 
provide  maximum  fire  protection  while  still  meeting  necessary  design  require¬ 
ments. 
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5.2  FIRE  BEHAVIOR  OF  MATERIALS 


Interior  materials  can  contribute  to  the  overall  fire  hazard  not  only  by 
their  flammability  but  also  by  their  release  of  smoke  and  toxic  gases  during 
combustion*  Although  the  three  factors  of  flammability,  smoke,  and  toxic 
gases  are  discussed  separately  in  the  following  sections,  all  three  must  be 
considered  together  when  evaluating  any  material  for  its  fire  safety. 

5.2.1  Flammabil itv 

The  principal  factors  to  be  considered  in  evaluating  the  flammability  of  a 
material  are: 

•  Ease  of  ignition 

•  Flame  spread  rate 

•  Heat  release  rate 

«  Flash  fire  potential 

5. 2. 1.1  Ease  of  Ignition.  Ease  of  ignition  can  be  defined  as  the  ease 
with  which  a  material  can  be  ignited  under  given  conditions  of  temperature, 
pressure,  and  oxygen  concentration.  Almost  any  material  can  be  made  to  ig¬ 
nite  with  enough  heat,  oxygen,  and  time.  Ease  of  iqnition  can,  therefore^  be 
measured  by  the  amount  of  heat  required  under  fixed  conditions  of  oxygen  and 
time,  by  the  amount  of  oxygen  required  under  fixed  conditions  of  heat  and 
time,  or  by  the  amount  of  time  required  under  fixed  conditions  of  heat  and 
oxygen . 

Ease  of  ignition  can  be  inferred  from  minimum  radiation  intensities  required 
to  ignite  the  material,  from  the  auto-ignition  temperature  of  the  material, 
or  from  the  minimum  amount  of  oxygen  that  permits  steady  burning  of  the  mate¬ 
rial.  These  parameters  are  highly  dependent  on  the  conditions  under  which 
they  are  determined.  Test  parameters  such  as  sample  configuration  and  size, 
ventilation,  type  of  ignition  source,  superimposed  heal  input  (heat  flux), 
and  heat  losses  can  profoundly  affect  the  test  results.  Thus,  the  relative 
flammability  ranking  of  materials  may  vary  with  the  combustion  test  used, 
since  a  material  may  perform  well  in  one  test  and  poorly  in  another. 

Generally,  the  ignition  temperature  of  a  material  is  lower  when  the  material 
and  the  ambient  atmosphere  are  uniformly  heated,  as  compared  to  situations  in 
which  only  the  material  is  heated.  This  is  illustrated  in  Table  7,  which 
lists  the  minimum  autoignition  temperatures  (AIT)  obtained  in  a  closed  vessel 
and  the  hot  plate  ignition  temperatures  in  which  only  the  samples  were  heated 
(Reference  66). 

The  time  required  to  ignite  a  material  wiih  a  pilot  flame  is  dependent  on  the 
intensity  of  any  superimposed  radiant  heat  flux.  For  instance,  under  ident¬ 
ical  test  conditions,  the  time  from  flame  exposure  to  burning  for  particle 
board  varies  from  approximately  1.7  min  at  a  radiant  heat  flux  of  0.9  Btu/sec/ftz 
to  0.5  min  at  a  heat  flux  of  2.5  Btu/sec/ftz  (Reference  67).  The  mirimum 
oxygen  concentration  required  for  combustion  also  is  dependent  on  the  heat 
flux  seen  by  the  test  sample,  as  shown  in  Figure  54  (Reference  68). 
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TABLE  7.  MINIMUM  AUTOIGNITIOf  TEMPERATURES  (AIT)  AND 
HOT  PLATE  IGNITION  TEMPERATURES  OK  SHEET- 
TYPE  COMfVUJTI0L.ES  IN  AIR  (PROM  REFERENCE  65) 

Material 

Ignition  Temperature.  °F 
AIT  Hot  elate 

Cotton  sheeting 

725 

8?0 

Conductive  -ubber  sheeting 

735 

895 

Paper  drapes 

750 

880 

Plexiglas  sheeting 

B40 

nos 

Nomex  fabric 

C60 

>1110 

Blanket  wool 

1003 

>1110 

Cellulose  acetate  sheeting 

10?0 

>1110 

Polyvinyl  chloride  snooting 

1040 

>1110 

The  relative  flammability  hazards  of  different  materials  can  be  determined 
for  any  specific  set  of  test  conditions.  For  instance,  the  radiation  inten¬ 
sity  required  for  ignition  during  tests  using  a  heat  flux  of  43.7  Btu/sec/ft^ 
was  about  50  Btu/sec/ft^  for  cotton  sheeting  and  between  90  and  120  for 
wood  and  paper  sheeting  (Reference  66).  In  comparison,  neoprene,  nylon,  and 
polyvinyl  chloride  sheeting  appeared  to  be  nonignitable  in  air  with  the  same 
radiation  source. 

Whenever  comparisons  are  made  between  materials,  however,  one  must  remember 
that  those  relative  rankings  are  valid  or.ly  for  the  set  of  conditions  imposed 
by  the  test,  and  may  or  may  not  be  valid  for  other  test  conditions.  The  data 
presented  in  Figure  54  clearly  show  the  changes  in  relative  rankings  that  can 
occur  under  varying  test  conditions. 

5.2, 1.2  Flame  Spread  Rate.  Surface  flame  spread  can  be  defined  as  the 
rate  a  flame  front  travels  across  a  material  under  given  conditions  of  burn¬ 
ing.  This  characteristic  provides  a  measure  of  f're  hazard  in  that  surface 
flame  spread  can  transmit  fire  to  more  flammable  materials  in  the  vicinity, 
thus  enlarging  the  overall  fire,  although  the  transmitting  material  itself 
may  contribute  little  fuel  to  the  fire. 

Flame  spread  rates  are  markedly  influenced  by  such  factors  as  thp  presence  of 
a  superimposed  radiant  heat  flux,  oxygen  concentration  of  the  atmosphere, 
density  of  the  material,  and  orientation  of  the  material.  Generally,  flame 
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FIGURE  54.  INFLUENCE  OF  SUPERIMPOSED  HEATING  ON  MINIMUM  OXYGEN 
CONCENTRATION  FOR  VARIOUS  POLYMER  SYSTEMS  BURNING 
IN  THE  DRIVEN-ROD  CONFIGURATION. 


spread  rates  increase  with  increasing  radiant  heat  exposure,  as  illustrated  in 
Figure  55  (Reference  68).  The  magnitude  of  the  change  in  flame  spread  rates 
can  be  startling  and,  at  times,  misleading  if  more  than  one  test  condition  is 
not  considered.  For  instance,  Smith  found  that  a  rigid  polyurethane  foam  that 
was  self-extinguishing  up  to  a  heat  flux  of  0.5  Btu/  sec/ft2  changed  to  a 
combustible  material  with  a  high  flame  travel  rate  at  a  heat  flux  between  0.5 
and  1.0  Btu/sec/ft2  (Reference  67). 

The  orientation  of  the  test  sample  also  can  markedly  influence  flame  spread 
rates.  Upward  burning  of  a  vertical  sample  will  generate  a  higher  flame 
spread  rate  than  will  the  burning  of  a  horizontal  sample  under  the  same  con¬ 
ditions,  Also,  it  has  been  observed  that  the  flame  spread  rate  of  cotton 
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FIGURE  55.  INFLUENCE  OF  SUPERIMPOSED  HEATING  ON  FLAME 
SPREAD  RATES  OF  VARIOUS  POLYMERS. 


sheeting  is  about  40  times  greater  with  upward  burning  than  with  downward 
burning  for  specimens  in  a  vertical  position  (Reference  66). 

5. 2. 1.3  Heat  Release  Rate.  Heat  release  can  be  defined  as  the  heat  pro¬ 
duced  by  the  burning  of  a  given  weight  or  volume  of  material.  This  character¬ 
istic  provides  a  measure  of  fire  hazard;  i.e.,  a  material  that  burns  with  the 
evolution  of  little  heat  per  unit  quantity  burned  will  contribute  less  to  a 
fire  than  a  material  that  generates  large  amounts  of  heat. 

Of  more  importance  in  relation  to  the  spread  of  a  fire,  and  thus,  the  avail 
able  escape  time,  is  the  rate  of  heat  release.  Heat  release  rates  can  give  a 
comparative  measure  of  the  contributions  of  various  materials  to  a  developing 
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fire.  However,  heat  release  rate  values  by  themselves  cannot  adequately  de¬ 
scribe  the  contribution  of  a  material  in  a  real  fire.  In  order  to  accurately, 
assess  the  fire  hazard  of  a  material,  the  heat  release  rate  must  be  determined 
as  a  function  of  time. 


As  with  the  other  parameters  used  to  assess  a  material's  flammability,  heat 
release  rates  are  a  function  of  exposure.  In  ot  ier  to  predict  performance  in 
a  fire,  heat  release  data  must  be  obtained  over  a  range  of  heat  f’ux  levels. 
Most  cellulosic  materials  exhibit  a  uniform  change  in  ignitabil ity,  flame 
travel  rate,  and  maximum  rate  of  heat  release  with  change  in  exposure  (Refer¬ 
ence  67).  However,  different  materials  do  not  necessarily  respond  to  changes 
in  exposure  in  the  same  manner.  For  instance,  certain  "self-extinguishing" 
fire-retarded  polymers  that  do  not  support  combustion  at  low  exposure  levels 
will  change  to  highly  combustible  materials  when  exposed  to  a  higher  heat 
flux.  This  type  of  behavior  can  result  in  t.wo  materials,  examined  and  rated 
at  one  set  of  conditions,  having  their  ratings  reversed  at  another  set  of  con¬ 
ditions.  Wool  and  nylon  carpet,  as  well  as  some  of  the  polymers,  go  through 
such  rating  reversals.  At  low  heat  flux  levels,  nylon  is  less  combustible, 
while  wool  is  less  combustible  at  higher  heat  fluxes  (Reference  67). 


5. 2. 1.4  Flash  Fire  Potential.  A  flash  fire  is  a  flame  front  that  propa¬ 
gates  through  a  fuel -air  mixture  as  a  result  of  the  energy  released  from  the 
combustion  of  the  fuel  vapor.  These  fires  occur  when  combustible  vapors 
evolve  from  burning  materials  and  accumulate  elsewhere  as  substantial  volumes 
of  flammable  fuel -air  mixtures,  which  then  come  in  contact  with  an  ignition 
source. 


Screening  tests  for  the  flash-fire  propensity  of  materials  have  been  proposed 
based  on  the  concentration  of  the  flammable  gases  evolved  when  the  materials 
are  pyrolyzed  (Reference  69).  The  gases  analyzed  during  the  tests  were  the 
hydrocarbons  methane,  ethylene,  and  ethane  and  carbon  monoxide.  Test  results 
showed  that  those  materials  with  the  highest  propensity  for  flash  fires,  such 
as  polyethylene  and  polyurethane,  had  significantly  higher  hydrocarbon  concen¬ 
trations  in  their  pyrolysis  products  than  did  wood,  which  appeared  to  have  the 
least  propensity  for  flash  fires.  Also,  materials  that  melted,  such  as 
polyethylene  and  polyurethane  foam,  had  larger  concentrations  of  the  more 
flammable  hydrocarbons  (ethylene  and  ethane)  than  materials  that  intumescea, 
such  as  bisphenol  A  polycarbonate,  or  charred,  such  as  wood. 

5.2.2  Smoke 

Combustion  of  organic  materials  yields  gaseous  products  in  which  small  solid 
particles  of  carbon  and  ash,  as  well  as  liquid  droplets,  are  frequently  dis¬ 
persed.  This  mixture  of  gases,  solids,  and  liquids  can  be  defined  as  smoke. 

In  general  practice,  however,  smoke  is  often  defined  as  the  combination  of 
solid  and  liquid  particles  that  lead  to  vision  obscuration,  while  the  gaseous 
products  are  treated  separately. 

The  primary  hazard  of  smoke  (excluding  toxic  gases)  is  the  reduction  of  visi¬ 
bility.  The  degree  of  light  or  sight  obscuration  due  to  smoke  is  generally 
expressed  in  terms  of  optical  density,  defined  as  D  =  log  100/T  (where  T  *= 
percent  light  transmission). 
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The  amount  of  smoke  generated  by  a  burning  material  depends  on  the  surface 
area  involved,  and  the  degree  of  obscuration  depends  on  the  available  volume 
and  light  path  length  for  any  given  amount  of  smoke.  A  quantitative  measure, 
the  specific  optical  density,  has  been  defined  to  allow  comparisons  of  smoke 
generation  between  different  materials  (Reference  70).  The  specific  optical 
density  is  defined  as: 


°s  ■  AL  10»  T  <2> 


where  Ds  -  specific  optical  density 
V  -  chamber  volume 
A  -  area  of  sample  exposed  to  burning 
L  -  path  length  of  light 
T  -  percent  light  transmission 


Ideally,  the  change  In  Ds  with  time  and  the  maximum  Ds  (sometimes  desig¬ 
nated  Du)  would  depend  only  on  the  thickness  cf  the  material  specimen,  its 
chemical  and  physical  properties,  and  the  test  exposure  condi t’ ens.  The  visi¬ 
bility  in  any  size  compartment  could  then  be  calculated  from  the  Ds  obtain¬ 
ed  during  the  laboratory  testing. 

It  is  difficult  to  precisely  extrapolate  specific  optical  densities  to  human 
visibility  in  burning  aircraft  compartments.  This  is  because  a  number  of 
major  assumptions  must  be  made  in  the  extrapolation:  the  smoke  generated  is 
uniformly  distributed  and  is  independent  of  the  amount  of  excess  air  avail¬ 
able;  for  any  given  smoke,  the  optical  density  is  linearly  related  to  concen¬ 
tration;  and  human  and  photometric  vision  through  smoke,  expressed  in  terms 
of  optical  density.  ave  similar.  However,  the  specific  optical  density  does 
offer  a  valid  means  of  comparing  smoke  generated  uy  various  materials  and  can 
be  used  to  screen  out  those  materials  generating  the  greatest  amount  of 
smoke. 

Smoke  levels  generated  by  burning  materials  are  dependent  on  both  physical 
and  chemical  parameters  of  the  material  involved  and  on  the  burning  condi¬ 
tions.  In  an  extensive  series  of  tests  on  aircraft  interior  materials,  Gross 
found  that  the  maximum  smoke  level  depended  on  the  thickness  and  density  of 
the  specimen  and  could  be  expected  to  increase  with  thickness,  but  not  always 
in  direct  proportion  (Reference  70).  He  also  found  that,  although  most  mate¬ 
rials  produced  more  smoke  during  the  flaming  exposure  test,  some  materials 
produced  significantly  more  smoke  in  the  absence  of  open  flaming  (smoldering). 
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Another  important  variable  on  which  smoke  production  depends  is  the  heat  t'lux 
received  by  the  material.  An  extensive  series  of  tests  at  different  heat 
flux  levels  (Reference  71)  showed  that,  for  most  of  the  materials  tested, 
smoke  production  increased  with  increasing  heat  flux  provided  the  sample  did 
not  ignite.  When  ignition  of  the  materials  occurred  smoke  production  would 
decrease  for  most  of  the  samples.  Polycarbonate  and  polysulfone  sheets 
exhibited  the  most  significant  differences  in  smoke  production  between  higher 
and  lower  heat  fluxes,  as  shown  in  Figure  56.  Wool  carpet  and  a  vinyl/ABS 
flooring  produced  considerably  more  smoke  at  higher  heat  flux  levels.  How¬ 
ever,  the  smoke  production  of  foams  and  fabrics  did  not  change  appreciably 
over  the  range  of  heat  fluxes  tested.  Some  materials,  such  as  polycarbonate 
plastic,  may  seem  favorable  when  compared  with  other  materials  at  a  lower 
heat  flux;  however,  their  data  can  become  increasingly  worse  with  increasing 
heat  flux  until  they  are  among  the  lowest  rated  materials  tested,  as  illu¬ 
strated  in  Figure  56. 


TIME  (MIN) 


FIGURE  56.  SMOKE  PRODUCTION  VERSUS  HEAT  FLUX  -  POLYCARBONATE 
AMD  POYSULFONE  SHEETS. 


91 


Although  the  addition  of  flame  retardants  has  significantly  reduced  the  flam¬ 
mability  of  many  polymeric  materials,  these  chemical  additives  often  have  re¬ 
sulted  in  increased  smoke  emissions  during  fire  exposure.  Figures  57  and  58 
illustrate  the  effect  of  concentrations  of  reactive  and  nonreactive  flame 
retardants  on  the  light  obscuration  times  in  rigid  urethane  foams  (Refer¬ 
ence  72).  It  should  be  noted  that  the  reactive  fire  retardant,  which  imparts 
the  greatest  degree  of  protection,  produces  more  rapid  light  obscuration. 

The  addition  of  flame  retardant  to  a  flexible  urethane  foam  tested  by  Gross 
not  only  resulted  in  an  increase  in  overall  smoke  levels  but  also  led  to  a 
reversal  of  the  relative  smoke  concentrations  from  smoldering  versus  open 
flaming. 

5.2.3  Toxic  Gases 

The  most  common  gases  generated  during  the  combustion  of  any  organic  material 
are  carbon  monoxide  and  carbon  dioxide.  Several  other  toxic  gases  also  may 
be  produced,  depending  on  the  chemical  composition  of  the  involved  material. 
The  results  of  the  extensive  series  of  burn  tests  on  aircraft  interior  mate¬ 
rials  conducted  by  Gross  showed  that  carbon  monoxide  (CO)  was  produced  by 
almost  all  the  samples  in  varying  amounts  depending  on  the  type  of  material 
(Reference  70).  In  addition,  most  materials  produced  significant  amounts  of 
other  toxic  gases  in  addition  to  CO.  Table  8  summarizes  those  results.  The 
addition  of  flame  retardants  can  contribute  to  the  generation  of  toxic  gases, 
as  noted  in  Table  8,  when  comparing  urethanes  identical  in  all  respects 
except  for  the  presence  of  a  flame  retardant. 

Of  course,  the  amount  of  toxic  gas  generated  will  depend  on  the  amount  of 
material  burned.  However,  Gross  found  that  the  amount  of  a  given  gas 
produced  and  its  rate  of  generation  are  strongly  temperature  dependent.  This 
was  confirmed  during  additional  testing  by  Spurgeon,  et  al . ,  who  also  found 
that  varying  oxygen  concentrations  will  affect  the  yield  of  combustion  gases 
(Reference  73).  No  generalizations  could  be  made,  however,  since  the  ob¬ 
served  effects  seemed  to  depend  on  the  composition  of  the  test  material.  The 
same  is  true  when  comparing  the  yields  of  gases  during  flaming  or  nonflaming 
conditions.  Most  of  the  materials  tested  by  Gross  yielded  higher  concen¬ 
trations  of  gases  under  flaming  conditions.  There  was  little  difference  for 
some  materials,  however,  while  others  generated  more  gases  during  nonflaming 
conditions . 

Although  approximate  human  toxicological  data  are  available  for  many  of  the 
individual  gases  given  off  by  burning  materials,  little  is  known  of  the  syner¬ 
gistic  effects  of  two  or  more  gases  inhaled  at  the  same  time.  Since  the 
majority  of  materials  give  off  more  than  one  gas,  and  since  many  interior 
components  are  actually  combinations  of  materials,  relative  toxicities  of 
different  components  must  be  determined  in  a  manner  that  assesses  the  total 
effect  of  the  toxic  gases  given  off.  This  can  be  accomplished  by  using  small 
animal  toxicity  tests.  In  an  attempt  to  correlate  analytical  test  methods 
with  small  animal  toxicity  tests,  the  FAA  tested  a  number  of  aircraft  mate¬ 
rials  using  both  methods  (Reference  74).  Although  most  nitrogen-containing 
materials  indicated  a  correlation  between  HCN  concentration  and  time  to 
animal  incapacitation,  one  material  (76  percent  wool,  24  percent  PVC)  showed 
a  much  higher  than  expected  toxicity.  This  toxicity  could  not  be  explained 
on  the  basis  of  HCN  concentrations  or  a  simple  syneryistic  response  due  to 


WEIGHT  PERCENT,  0,0-DIETHYL-N, 
N-SIS  (2-HYDROXYETHYL)  AMINO- 
METHYLPHOSPHONATE. 


FIGURE  57.  EFFECT  OF  CONCENTRATION  OF  THE  REACTIVE  FIRE 

RETARDANT  O.O-DIETHYL-N.N.-BIS  (2-HYDROXYETHYL) 
AHINOHETHYLPHOSPHONATE  ON  LIGHT  OBSCURATION  IN 
RIGID-URETHANE  FOAMS. 
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FIGURE  58.  EFFECT  OF  NONREACTIVE  FIRE  RETARDANT  TRIS, 
2 , 3 -DI BROMOPROPYLPHOSPHATE  ON  LIGHT 
OBSCURATION  IN  RIGID-URETHANE  FOAMS. 


93 


TABLE  8.  TOXIC  6ASES  PRODUCED  BY  BURNING 
AIRCRAFT  INTERIOR  MATERIALS 


_ Material _ 

Nylon 

Wool 

Polyvinyl  chloride  (PVC) 
Modecrylic 
Polyamld  (aromatic) 
Polyvinyl  flourld*  (PVF) 
Urethane 

Urethane  (flame  retarded) 

Acrylonltrl le/butadlene/ 
styrene  (A8S) 

Polysulfone 

Rubber 

Propylene 

Polycarbonate 


£2  H£1  H£N  Other 

X 

X  -  X 

XX- 
XXX- 
X  -  X  no2 

X  -  -  HF 

X  -  X 

XXX- 

X  -  X 

X  -  -  SOj 

x  -  -  so2 

X 

X  -  - 


the  combination  of  PVC  and  wool.  One  possible  explanation  for  the  observed 
toxicity  is  the  zirconium  fluoride  flame-retardant  treatment  that  the  mate¬ 
rial  ndu  reCBi veu,  nitaiBYei  me  cause ,  the  unexpected  toxicity  illustrates 
the  value  of  animal  tests  in  assigning  relative  toxicities  to  interior 
material s. 


5.3  MATERIAL  TESTING 

The  number  of  material  tests  has  increased  in  direct  proportion  to  the 
increasing  importance  placed  on  fire  safety  over  the  last  few  years. 
Unfortunately,  the  proliferation  of  tests  has  not  generated  any  degree  of 
consensus  in  selecting  the  "best"  test(s)  for  material  screening  and  selec¬ 
tion.  There  is  a  great  deal  of  controversy  among  those  working  in  this  field 
as  to  the  validity  of  the  various  tests  in  predicting  a  material's  perform¬ 
ance  in  a  real  fire.  Thus,  there  are  no  generally  accepted  test  methods  or 
criteria  for  material  performance  at  the  present  time.  The  different  types 
of  tests  are  briefly  reviewed  in  the  following  sections  so  that  the  designer 
can  understand  the  various  performance  ratings  assigned  to  materials  by  the 
use  of  different  tests.  Those  tests  recommended  for  materials  in  U.S.  Army 
aircraft  are  discussed  in  Section  5.5. 


94 


5.3.1  Laboratory  Testing 


S 


5. 3. 1.1  Flammability  Tests.  There  are  several  different  types  of  tests 
tor  material  flammability,  with  each  type  testing  a  specific  aspect  of  flamma¬ 
bility,  such  as  ease  of  ignition,  flame  spread,  heat  release,  and  fire  endur¬ 
ance.  In  addition,  there  are  several  different  test  methods  for  each  type  of 
test.  A  review  of  these  numerous  tests  has  been  compiled  by  Hi 1  ado  (Refer¬ 
ence  75). 

The  simplest  tests  for  ease  of  ignition  provide  fixed  conditions  of  heat, 
oxygen,  and  time,  and  the  sample  either  ignites  or  does  not  ignite  under 
those  conditions.  A  somewhat  more  sophisticated  test  is  the  A5TM  D  1929 
(Setchkin)  ignition  test  in  which  a  specimen  is  exposed  to  heated  air  at  suc¬ 
cessively  higher  temperatures  until  ignition  occurs.  The  lowest  temperature 
of  air  that  evolves  combustible  gases  in  a  sufficient  amount  to  be  ignited  by 
a  small  pilot  flame  is  defined  as  the  flash-ignition  temperature  of  the 
material.  The  self-ignition  temperature  is  the  lowest  air  temperature  at 
which  the  material  ignites  by  itself,  in  the  absence  of  any  external  ignition 
source. 


A  different  type  of  ignition  test,  one  being  used  increasingly  for  aircraft 
interior  materials,  is  the  ASTM  D  2863  oxygen  index  test.  In  this  test,  a 
vertical  specimen  is  ignited  at  its  upper  end  by  a  flame  that  is  then  with¬ 
drawn;  then  the  atmosphere  (mixture  of  oxygen  and  nitrogen)  that  just  permits 
steady  burning  is  determined.  The  limiting  oxygen  index  (LOI)  is  the  minimum 
concentration  of  oxygen  in  the  oxygen-nitrogen  mixture  that  will  just,  permit 
the  sample  to  burn.  The  higher  the  LOI,  the  less  flammable  the  material  is. 

In  addition  to  the  above  two  widely  used  tests,  Hilado  lists  eight  other 
tests  for  ease  of  ignition.  He  points  out  that  many  tests  that  measure  flame 
spread  are  actually  tests  for  ease  of  ignition  because  failure  to  ignite  or 
to  sustain  ignition  is  the  most  desirable  response.  Hilado  lists  10  tests  in 
this  category,  including  the  FAR  25.853  vertical  test  (Reference  76). 


The  latter  test  is  currently  required  by  the  FAA  for  compartment  interior 
materials  in  transport  category  airplanes.  In  this  test,  the  lower  edge  of  a 
vertically  mounted  sample  is  exposed  to  a  burner  flame  for  either  60  or 
12  sec,  depending  on  the  type  and  application  of  the  material.  The  flame  is 
then  removed  and  flame  time,  burn  length,  and  flaming  time  of  drippings  are 
recorded.  Ail  materials  must  be  self-extinguishing;  i.e.,  average  flame  time 
after  removal  of  the  flame  source  must  not  exceed  15  sec.  In  addition,  the 
average  burn  length  must  not  exceed  6  or  8  in.,  again  depending  on  the  type 
and  application  of  materials. 


There  are  even  more  tests  for  surface  flame  spread  rates;  Hilado  lists  35 
tests  in  this  category,  including  the  FAR  25.853  vertical  test.  The  standard 
FAA  2  gal/hr  burner  test  also  falls  in  this  category.  This  test  consists  of 
exposing  a  test  sample  to  a  standardized  burner  producing  a  heat  flux  of 

10  BTU/sec/ft^  and  having  a  burner  cone  with  an  opening  6  in.  high  and 

11  in.  wide.  This  test  method  has  been  adopted  by  the  FAA  for  seat  cushion 
testing  after  it  was  shown  that  the  burner  test  was  a  suitable  device  to  mea¬ 
sure  aircraft  seat  blocking  layer  effectiveness  and  that,  of  all  the  labora- 
to  y  devices,  the  2  gal/hr  burner  most  resembled  the  full-scale  crash  fire 
tests  (Reference  77). 
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There  are  several  tests  for  heat  release  but  currently  the  one  most  widely 
used  for  aircraft  materials  is  the  Ohio  State  University  (OSU)  Heat  Release 
Rate  Apparatus.  This  apparatus  is  being  proposed  for  FAA  testing  of  interior 
ceiling  and  wall  panels  of  passenger  aircraft  (Reference  78).  Extensive  test¬ 
ing  by  the  FAA  (References  77  and  79)  has  shown  that  the  OSU  rate  of  heat 
release  test  is  appropriate  for  aircraft  interior  panels  and  seat  cushions 
and  correlates  well  with  full-scale  fire  tests. 

Briefly,  the  specimen  to  be  tested  is  placed  in  an  environmental  chamber 
through  which  a  constant  flow  of  air  passes.  The  specimen  is  exposed  to  a 
radiant  heat  source  adjusted  to  produce  the  desired  total  heat  flux  on  the 
specimen.  The  specimen  may  be  tested  so  that  the  exposed  surface  is  horizon¬ 
tal  or  vertical.  Combustion  may  be  initated  by  nonpiloted  ignition,  piloted 
ignition  of  evolved  gases,  or  by  point  ignition  of  the  surface.  The  changes 
in  temperature  and  optical  density  of  the  gas  leaving  the  chamber  are  moni¬ 
tored,  from  which  data  the  release  rates  of  heat  and  visible  smoke  are  cal¬ 
culated.  Reference  80  contains  details  of  the  test  apparatus,  test  method, 
and  calculations. 


Fire  endurance  tests  measure  the  resistance  offered  by  a  material  to  the 
passage  of  fire  normal  to  the  exposed  surface.  The  fire  resistance  can  be 
measured  by  the  burn-through  time  or  by  the  relative  difference  in  temper¬ 
ature  between  the  flame  side  and  the  back  face  of  the  specimen.  There  are 
several  tests  for  fire  endura.ce.  The  NASA  Ames  T-3  test  (Reference  81) 
seems  to  be  the  most  widely  used  endurance  test  for  aircraft  materials  and  is 
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5. 3. 1.2  Smoke  Evolution  Tests.  One  of  the  earliest  procedures  for  mea¬ 
suring  smoke  density  was  the  ASTM  D  2843  test.  This  test  measures  the  light 
obscuration  over  a  1-ft  optical  path  inside  an  enclosed  chamber  containing 
the  burning  sample  (Reference  72).  Smoke  evolution  also  can  be  measured 
during  flammability  testing  using  the  ASTM  E  162  radiant  panel  test  and  the 
heat  release  rate  test  developed  at  Ohio  State  University.  The  most  widely 
used  test  for  aircraft  materials,  however,  is  the  National  Bureau  of  Stand¬ 
ards  (NBS)  smoke  density  test  first  developed  by  Gross,  et  al .  (Refer¬ 
ence  70) . 


The  NBS  test,  conducted  in  a  completely  closed  cabinet,  exposes  a  vertical 
sample  to  2.5  W/cnr  (2.2  Btu/sec/ft2)  thermal  radiation  from  an  electric 
heater.  Light  absorption  is  measured  by  a  photometer  over  a  vertical  light 
path  3  ft  long.  Tests  are  performed  under  both  flaming  and  nonflaming  (smold¬ 
ering)  conditions.  (A  small  pilot  flame  applied  to  the  bottom  of  the  speci¬ 
men  induces  open  flaming.)  Smoke  measurements  are  expressed  in  terms  of 
specific  optical  density,  D$  (refer  to  Section  5.2.2).  A  modified  NBS 
smoke  chamber  was  later  developed  to  better  simulate  cabin  fire  environments 
by  providing  for  a  range  of  heat  flux  levels  to  provide  more  data  on  material 
behavior.  The  modifications  made  to  the  chamber  consisted  of  adding  a 
variable  radiant  heat  flux  furnace  capable  of  reaching  10  BTU/sec/ft2  and  a 
load  cell  for  continuous  weight  loss  measurement  of  the  test  material  (Refer¬ 
ence  71).  Although  a  more  recent  study  showed  that  the  complex  dependence  of 
smoke  production  on  many  parameters  acting  in  fire  growth  limited  the  corre¬ 
lation  between  laboratory  and  full-scale  crash  fire  experiments  (Refer¬ 
ence  82),  the  modified  NBS  smoke  chamber  is  a  valuable  tool  for  preliminary 
screening  of  candidate  interior  materials. 
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5. 3. 1.3  Toxic  Gas  Tests.  Concentrations  of  potentially  toxic  gases  can 

be  determined  by  chemical  analysis  of  the  combustion  products.  However,  the 
results  of  this  analysis  depend  on  the  accuracy  of  the  analytical  method 
employed,  the  effectiveness  of  the  sampling  technique  used,  and  the  number  of 
different  gases  analyzed.  Even  though  the  previous  factors  might  be  opti¬ 
mized,  the  problem  of  relating  the  chemical  results  to  physiological  hazards 
still  remains.  Synergistic  toxicological  effects  of  various  gas  combinations 
are  not  amenable  to  analysis.  The  possibility  also  exists  that  some  toxic 
components  will  not  be  anticipated  and,  therefore,  will  not  be  considered  in 
the  analysis.  This  latter  situation  arose  during  FAA  tests  comparing  chem¬ 
ical  analysis  versus  animal  toxicity  tests  in  assigning  relative  toxicity 
hazards  to  aircraft  materials  (Reference  74). 

Both  the  FAA  and  the  University  of  San  Francisco,  under  NASA  sponsorship, 
have  done  extensive  animal  toxicity  testing  of  aircraft  materials  (Refer¬ 
ences  83  and  84).  Both  laboratories  expose  rodents  (the  FAA  uses  rats,  USF 
uses  mice)  to  the  pyrolysis  products  of  materials  thac  are  thermally  degraded 
in  a  tube  furnace.  The  exposure  conditions  vary,  however,  since  the  FAA 
tests  maintain  a  nearly  normal  concentration  of  oxygen  in  the  exposure  cham¬ 
ber,  while  the  USF  tests  do  not.  The  FAA  conducts  its  tests  with  sufficient 
ventilation  in  the  pyrolysis  furnace  to  assure  near  normal  oxygen  concentra¬ 
tions,  while  USF  runs  its  tests  with  or  without  airflow  through  the  furnace. 
Both  laboratories  report  time  to  incapacitation  and  time  to  death. 

The  National  Bureau  of  Standards  is  developing  a  small-scale  test  method  t u 
assess  the  acute  inhalation  toxicity  of  combustion  products  (Reference  85). 
The  NBS  test  method  is  designed  for  research  and  preliminary  screening  pur¬ 
poses  in  developing  and  evaluating  materials.  The  test  aoparatus  is  com¬ 
prised  of  a  closed  system  in  whicn  cxygen  and  temperature  levels  are  kept 
near  normal  and  rats  are  exposed  to  the  toxic  fumes  generated  during  combus¬ 
tion  of  the  materials.  The  material  sample  can  be  combusted  in  either  a 
flaming  or  a  nonflaming  mode.  A  concentration  response  curve  is  generated  by 
exposing  different  sets  of  six  animals  to  different  mass  loadings  of  a 
material  and  measuring  the  percentage  of  the  animals  responding. 

Although  the  above  tests  cannot  duplicate  the  gas  concentrations  found  in  a 
real  fire,  the  tests  do  reflect  the  relative  toxicities  of  different  mate¬ 
rials  to  rodents  under  the  specific  test  conditions.  Thus,  the  animal  toxi¬ 
city  tests  are  useful  in  screening  out  the  most  hazardous  materials.  The  FAA 
also  found  that  dose-response  relationships  for  the  systemic  toxins  (CO,  HCN) 
are  very  similar  for  rodents  and  humans  (Reference  83). 

5.3. 1.4  Combined  Hazard  Index.  A  labor atory-scale  method  for  testing 

and  ranking  aircraft  cabin  material  for  its  collective  combustion  hazards  was 
developed  by  Douglas  Aircraft  Company  under  a  program  sponsored  by  the  FAA 
(Reference  86).  This  approach  determines  occupant  escape  time  as  a  common 
denominator  for  the  critical  hazards  encountered  in  the  fire  and  is  called 
the  Combined  Hazard  Index  (CHI).  The  program  attempts  to  consider  flammabil¬ 
ity,  smoke,  and  toxicity  simultaneously  in  rating  a  material.  It  mas  also 
desired  that  the  rating  be  related  in  some  manner  to  the  response  of  the 
material  in  an  actual  cabin  fire. 
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The  CHI  is  expressed  as  the  number  of  seconds  of  crash  fire  burn  time  avail¬ 
able  for  passengers  to  escape  from  a  cabin  in  which  an  interior  material  is 
involved  in  the  fire.  Escape  time  thus  becomes  the  common  denominator  re¬ 
lating  the  quantities  of  smoke,  toxic  gases,  and  heat  accumulating  within  a 
cabin  prior  to  passenger  incapacitation.  The  method  involves  obtaining  data 
on  the  release  rate  measurements  of  heat,  smoke,  and  toxic  gases  for  the  mate 
rials  using  modified  OSU  heat  release  rate  apparatus.  Using  data  input  from 
the  laboratory  test,  a  mathematical  model  of  the  growth  in  fire  hazards  calcu 
lates  the  cabin  hazard  concentrations  versus  time,  the  fractional  effective 
dose  histories  of  each  hazard,  and  the  burn  time  at  which  the  summed  frac¬ 
tional  doses  equals  I.  The  latter  is  defined  as  the  CHI  for  the  material. 
Figure  59  illustrates  this  concept. 


i 
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FIGURE  59.  COMBINED  HAZARD  INDEX. 


The  validity  of  the  CHI  calculation  is  dependent  on  the  validity  of  the  test 
methodology,  human  survival  model,  and  mathematical  fire  model.  Laboratory 
testing  as  well  as  full-scale  fire  tests  were  conducted  on  four  different 
cabin  panels  to  validate  the  test  methodology  and  computer  program.  It  was 
found  that  the  test  methodology  developed  during  the  study  provided  extensive 
and  repeatable  information  related  to  the  heat,  smoke,  and  toxic  gas  hazards 
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of  a  single  aircraft  material  under  a  range  of  fire  conditions.  The  fire 
model  predictions  in  large-scale  test  measurements  were  found  to  be  reason¬ 
able  for  temperature  and  smoke  but  not  for  toxic  gases.  It  must  be  realized 
that  the  survival  model  is  a  simplified  model,  and  the  true  relationship  be¬ 
tween  the  derived  model  and  the  true  escape  potential  of  humans  in  a  fire 
environment  has  not  been  established. 


5.3.2  Large-Scale  Testing 


Because  the  validity  of  laboratory  tests  as  a  means  of  predicting  material 
behavior  in  a  real  fire  has  been  of  increasing  concern,  large-scale  testing 
is  being  used  more  and  more  as  a  final  test  for  system  performance  in  a 
fire.  Part  of  the  problem  with  the  predictability  of  the  laboratory  tests 
lies  in  the  fact  that  a  system  of  materials,  not  just  one  material,  is  in¬ 
volved  in  actual  fires.  The  types  of  materials,  amounts  of  each  material, 
and  the  locations  of  the  different  materials  all  affect  the  development  of  a 
fire  in  an  aircraft  fuselage.  The  behavior  of  one  material  will  affect  that 
of  another,  possibly  altering  its  behavior  markedly  from  that  demonstrated  in 
laboratory  tests. 

Large-scale  tests  of  bus  and  rail  car  interior  assembly  nockups  illustrate 
the  total  effect  of  all  the  materials  comprising  a  system  (Reference  87). 

The  assemblies  consisted  of  one  or  two  seat  assemblies,  wall  paneling,  and 
glazing,  as  would  he  found  in  the  actual  vehicle.  Effects  of  various  seat 
cushions,  seat  backs,  and  glazing  materials  were  studied  during  fire  tests 
started  by  igniting  newspapers  on  the  seat.  The  tests  showed  that  with  ure¬ 
thane  seat  cushions  the  system  failed  at  approximately  6  min  (flashover  oc¬ 
curred)  irrespective  of  the  glazing  or  wall -covering  material.  Replacing  the 
urethane  with  less  flammable  neoprene  cushions  resulted  in  increasing  the 
importance  of  other  materials  in  the  system  performance.  For  example, 
acrylic  glazing  panels  led  to  system  failure  (total  involvement  near  flash- 
over  conditions)  at  7  min,  even  with  the  presence  of  the  neoprene  seats. 
However,  the  fire  was  confined  to  the  seat  of  origin  in  tests  using  neoprene 
seat  cushions  and  polycarbonate  glazing. 
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use  in  testing  commercial  aircraft  interiors  (Reference  88).  The  CFS  is  a 
double-walled  steel  cylinder  12  ft  in  diameter  and  40  ft  long,  equipped  with 
a  ventilation  system,  exhaust  scrubber,  and  nitrogen-extinguishing  system. 
Several  hundred  individual  fire  tests  have  been  conducted  in  the  CFS.  These 
tests  have  been  valuable  not  only  in  assessing  material  interactions  but  also 
in  evaluating  design  changes.  For  instance,  in  a  full  cabin  lavatory  fire 
test,  the  lavatory  module  failed  to  contain  the  fire,  and  the  fire  erupted 
into  the  cabin  area.  Analysis  showed  that  the  failure  to  contain  the  fire 
was  primarily  due  to  a  utility  panel  falling  from  the  ceiling,  resulting  in 
the  escape  of  combustible  gases  into  the  cabin.  Covering  the  panel  consider¬ 
ably  improved  system  performance. 

The  FAA  has  also  done  extensive  full-scale  fire  tests  in  their  test  article, 
which  is  a  C - 1 3 3  aircraft  modified  to  resemble  a  wide-body  cabin.  Although 
the  cross-sectional  area  is  slightly  smaller  than  a  wide-body  cabin,  the 
interior  volume  is  representative  of  a  wide-body  jet.  Combustible  materials 
installed  in  the  original  aircraft  were  removed,  and  new  floor,  sidewall,  and 


ceiling  surfaces  are  composed  of  noncombustible  materials. 
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flooding  system  allows  for  the  selective  termination  of  a  test,  These  protec¬ 
tive  me  v.res  have  resulted  in  a  durable  test  article  which  has  withstood  hun¬ 
dreds  o.  tests  with  only  minor  damage.  Tests  conducted  witn  the  test  article 
have  included  postcrash  fire  tests,  in  which  external  fires  were  provided, 
ramf  fire  tests,  and  in-flight  fire  tests  (Reference  10). 

Ef torts  are  underway  to  formulate  mathematical  models  which  could  calculate 
escape  time  and  predict  aircraft  cabin  fire  development.  However,  such 
models  are  a  few  years  away,  and  full-scale  tests  still  must  be  relied  upon 
to  provide  needed  information.  Reduced-scale  models  have  been  investigated 
to  reduce  the  full -seal'*  test  to  manageable  size  where  wind  velocities  could 
be  controlled  and  many  tests  could  be  economically  run.  Reduced-scale  tests 
may  be  used  to  predict  what  will  happen  in  full-scale  tests  and  to  provide  an 
experimental  basis  for  developing  and  checking  out  analytical  models.  Refer¬ 
ence  89  presents  a  discussion  of  previous  reduced-scale  modeling  of  compart¬ 
ment  fires  and  presents  some  recommendations  in  regard  to  physical  modeling 
of  aircraft  postcrash  fires. 

6.3.3  Mathematical  Fire  Modeling 

A  great  deal  of  effort  has  been  expended  in  the  last  15  years  on  the  modeling 
of  fire  growth  in  compartments.  Most  of  these  efforts  have  concentrated  on 
modeling  room  fires.  However,  the  FAA  has  been  involved  in  a  continuous  pro¬ 
gram  of  mathematical  modeling  of  aircraft  fires  for  some  years.  Most  of 
their  efforts,  especially  recently,  have  been  involved  in  modeling  nostrrash 
fires,  including  modeling  the  thermal  impact  at  openings,  the  effect  of  wind 
on  fire  plumes  from  external  pool  fires,  and  the  burning  of  interior  mate¬ 
rials.  Detailed  descriptions  of  these  efforts  and  the  models  involved  are 
well  beyond  the  scope  of  this  publication.  The  interested  reader  is  referred 
to  References  90,  91,  and  92  for  more  details  on  aircraft  postcrash  fire 
modeling. 

5.4  SELECTED  MATERIAL  PROPERTIES 

Until  recently,  most  efforts  to  reduce  the  flammability  of  materials  were 
centered  on  flame-retardant  treatments  of  polymers  with  halogens  or  phos¬ 
phorous.  This  led  to  materials  such  as  Fluorel,  Refset,  and  Curette,  as  well 
as  flame-retarded  polyurethanes  and  cottons,  wools,  and  other  fabrics.  Many 
recent  efforts,  however,  have  been  centered  on  developing  thermally  stable 
char-forming  polymers  such  as  polyimide.  polyphosphazene,  and  polybenzimida- 
zole  (PBI).  Interest  in  the  thermally  stable  polymers  has  increased  with  the 
finding  that  most  flame -retarded  materials  produce  significantly  greater 
amounts  of  smoke  and  toxic  gases  than  do  the  thermally  stable  polymers. 

i 

Although  the  listing  of  flammability  properties  for  the  numerous  materials  al - 
j  ready  being  used  or  being  developed  for  use  in  transportation  vehicle  inter- 

i  iors  is  beyond  the  scope  of  this  volume,  a  brief  overview  of  some  current  and 

newly  developer'  materials  for  aircraft  interiors  follows. 

5.4,1  Seat  Cushion  Foams 

Polyurethane  foam  is  the  most  common  seat  cushioning  material  currently  used 
for  aircraft  seats.  Studies  conducted  in  the  late  1960's  showed  that  fire- 
retarded  polyurethane  foam  was  considerably  less  flammable  than  nontreated 
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foam  (Reference  93).  Since  that  time,  considerable  efforts  have  been  ex¬ 
pended  in  trying  to  improve  the  flame  resistance  of  polyurethane.  Einhorn 
concluded,  after  his  studies,  that  major  improvements  could  be  accomplished 
in  the  flammability  characteristics  of  rigid  polyurethane  foams  by  modifying 
the  chemical  structure  and  formulation  (Reference  94).  However,  the  flexible 
foam  system  did  not  possess  the  necessary  chemical  structure  to  permit  the 
formulation  of  truly  flame-resistant  systems. 

tinhorn's  conclusions  seem  to  be  validated  by  the  results  of  NASA  tests  that 
exposed  fire-retardant  treated,  Fluorel -coated,  and  untreated,  uncoated  poly¬ 
urethane  foam  seats  to  a  large  flaming  ignition  source  located  12  in.  below 
the  seat  cushion  (Reference  95).  These  test  results  indicated  that  the 
improved  state-of-the-art  polyurethane  foams  without  the  added  fire  retardant 
and  coating  treatments  were  not  significantly  better  than  untreated,  older, 
less  fire-resistant  foams.  However,  by  treating  and  coating  the  state-of- 
the-art  foams,  production  of  toxic  gases  was  delayed,  and  destruction  of  the 
foam  was  limited.  It  should  be  noted  that  relatively  high  levels  of  hydrogen 
cyanide  were  detected  in  each  test,  indicating  that  polyurethane  foam  may  be 
the  major  contributor  to  similar  high  levels  found  in  large-scale  tests. 
Figures  60  and  61  show  the  temperatures  of  the  top  portions  of  the  seat  backs 
and  the  hydrogen  cyanide  concentrations  during  the  tests. 
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FIGURE  60.  SEAT  BACK  TEMPERATURES  DURING  BURN  TESTS  OF  COATED 
AND  UNCOATED  POLYURETHANE  FOAM  SEATS. 
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FIGURE  61.  HYDROGEN  CYANIDE  CONCENTRATIONS  FROM  BURN  TESTS 
OF  COATED  AND  UNCOATED  POLYURETHANE  FOAMS. 


Neoprene  foam,  used  extensively  in  mattresses,  has  been  advocated  for  seat 
cushions  and  is  currently  being  used  for  that  purpose  in  some  mass  transit  ve- 
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polyurethane  foam.  One  of  the  earliest  large-scale  tests  comparing  neoprene 
foam  with  other  seat  cushioning  materials  was  conducted  by  the  FAA  using  a 
simulated  airplane  cabin.  The  test  data  comparing  urethane  and  neoprene  foam 
seat  cushions  are  summarized  in  Table  9  (Reference  96).  These  tests  were 
some  of  the  earliest  studies  to  document  the  now  well-known  flasfnver  phenome¬ 
non  encountered  with  unv'etarded  urethane  foam.  Although  the  flame-retarded 
urethane  foam  was  effective  in  reducing  fire  temperatures,  neoprene  was  more 
effective.  The  smoke  levels  in  these  tests  showed  tha.  neoprene  provided 
significantly  longer  time  to  50  percent  smoke  obscuration,  a  result  repeated 
in  large-scale  bus  and  rail  car  tests  (Reference  87). 


The  smoke  results  in  the  large-scale  tests  of  neoprene  fcam  contrast  markedly 
with  NBS  smoke  chamber  data  that  indicate  neoprene  releases  more  smoke  than 
urethane.  This  anomaly  illustrates  many  of  the  problems  in  trying  to  extrap¬ 
olate  laboratory  data  to  real  fire  situations.  Under  actual  fire  conditions, 
neoprene  decomposes  at  a  slower  rate  than  it  does  in  the  MBS  laboratory  test, 
thus  producing  smoke  at  a  lower  rate.  University  of  San  Francisco  tests  also 
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TABLE  9.  RESULTS  OF  LARGE-SCALE  AIR  TRANSPORT  CABIN  FIRE  TESTS  USING 
URETHANE  OR  NEOPRENE  SEAT  CUSHIONS  (FROM  REFERENCE  96) 


Test  Number 


Prooertv 

4 

11 

22A 

22B 

Seat  cushion 

material 

Urethane 

foam 

F.R.  urethane 
foam 

Neoprene 

foam 

Neoprene 

foam 

Maximum  cei  ling 
temperature,  °F 

1,420 

560 

230 

100 

T ime  to  50  percent 
smoke  obscuration, 
min 

1.9 

1.7 

3.4 

12.4 

Minimum  oxygen 
concentration, 
percent 

2.5 

20.0 

t  - 
00 

OJ 

20.5 

Maximum  CO  Concen¬ 
tration,  percent 

1.5+ 

0.6 

0.21 

0.05 

Time  to  flashover, 
min 

2.3 

(4  min) 

have  shown  that  the  neoprene  foam  produces  less  toxic  smoke  than  does  the 
polyurethane  foam  (Reference  97).  Efforts  now  are  under  way  to  develop  im¬ 
proved  neoprene  foam  formulations  that  have  superior  smoke  evolution  prop¬ 
erties.  Table  10  summarizes  comparative  data  on  the  standard  and  improved 
neoprene  foams. 

Advanced  state-of-the-art  materials  developed  for  seat  cushions  include  poly- 
phosphazene  and  polyimide  foams  (References  98  and  99).  Both  of  these  foams 
have  superior  flammability  and  smoke  properties  compared  to  typical  fire- 
retarded  urethane  foams,  as  can  be  seen  in  Table  11. 

In  addition  to  the  improved  fire  resistance  and  lower  smoke  production  of  the 
neoprene  and  polyimide  foams,  they  have  also  been  shown  to  be  much  less  toxic 
than  the  polyurethane  foam  (Reference  100).  Laboratory  testing  was  conducted 
on  vinyl -nylon  upholstery  fabric  covering  polyurethane  foam  versus  90  percent 
wool  and  10  percent  nylon  upholstery  fabric  covering  either  LS-200  neoprene 
foam  or  polyimide  foam.  Annuel  exposure  data  from  the  tests  showed  no  mea¬ 
sured  toxicity  time  for  the  l.S-200  or  the  polyimide,  but  showed  a  minimum 
time  for  the  baseline  polyurethane  of  232  sec  to  incapacitation  and  463  sec 
to  death.  Eased  on  observation  of  animal  arrhythmias  and  bradycardia,  the 
LS-200  foam  was  judged  superior  to  the  polyimide. 
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TABLE  10.  TYPICAL  PROPERTIES  OF  STANDARD  AND  IMPROVED 
NEOPRENE  FOAM  (FROM  REFERENCE  96) 


Property 

Standard 

.  Foam 

Improved 

Foam 

Oensity,  lb/ft3 

4 

7 

Tensile  strangth,  lb/in.* 

9 

7 

Elongation,  percent 

Compression  set 

120 

100 

(50  percent  deflection,  22  hr  S  212  °F) 

7.5 

7.5 

ASTH  E- 162-75  flame  spread  rating 

NBS  smoke  chamber  results 

6 

4 

Ds.  90  sec 

2B0 

93 

0S,  4  min 

380 

195 

Dx,  maximum 

380 

250 

Time  to  maximum  0S,  min 

4 

7 

TABLE  11.  COMPARISON  OF  POLYPHOSPHAZENE,  POLYIMIDE,  AND 
FIRE-RETARDED  POLYURETHANE  FOAM  PROPERTIES 


Property 

Typical 

Polyphosphazene 

Foam 

Typical 

Pnlyimide 

Foam 

Typical 
F.R.  Urethane 

Foam 

Density,  lb/ft3 

4.0  -  9.0 

1.3  -  1.4 

4.5  -  8.5 

Tensile  strength,  psi 

20  -  80 

10  -  13 

40 

Elongation,  percent 

80  -  125 

20  -  23 

100 

Flame  spread  index 

14 

- 

30 

Limiting  oxygen 

Index 

43  -  45 

44  -  54 

20 

Maximum  smoke 
density,  0$ 

Flaming 

40  -  150 

0  -  0.5 

250 

Nonflaming 

- 

0  -  1 

- 
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Another  recent  approach  to  Improving  the  fire  resistance  of  aircraft  seats  is 
the  use  of  an  interliner  or  fire-blocking  barrier  between  the  upholstery 
fabric  and  the  seat  cushion  foam.  This  approach  is  described  in  detail  in 
Section  5.4.3. 

5.4.2  Upholstery  and  Other  Fabrics 

Current  seat  upholstery  and  other  fabrics  can  be  divided  into  two  classes: 
uncoat.ed  and  coated.  Typical  uncoated  fabrics  include  wool,  cotton,  nylon, 
rayon,  polyester,  modacrylic,  or  combinations  of  these  fibers.  Marcy  found 
that  the  majority  of  these  fabrics,  even  when  treated  with  flame  retardants, 
had  unacceptable  burn  rates  during  both  the  FAA  vertical  flammability  test 
and  the  ASTM  radiant  panel  test  (Reference  93).  Modacrylic  fabrics  were  the 
only  self-extinguishing  fabrics.  However,  animal  toxicity  tests  revealed 
that  modacrylic  fabrics  were  the  most  toxic  of  75  different  interior  mate¬ 
rials  that  were  tested  (Reference  83). 

The  coated  fabrics,  on  the  other  hand,  were  all  self-extinguishing  during  the 
vertical  burn  tests.  These  materials  consisted,  in  large  part,  of  vinyl-  and 
acrylic-coated  glass  fabrics.  Toxicity  tests  of  cotton,  nylon,  and  polyester 
fabrics  coated  with  polyvinyl  chloride  (PVC)  showed  that  these  coated  fabrics 
were  much  less  toxic  than  their  uncoated  counterparts. 

Advanced  state-of-the-art  fabrics  include  Nomex,  Kynol,  polybenzimidazole 
(PBI) ,  and  polyimide  (e.g.,  Kaptori)  fabrics.  These  fabrics  exhibit  superior 
flammability  characteristics,  as  shown  in  lable  12  (from  Reference  lOi). 

Kynol  and  PBI  fabrics  emit  very  little  smoke  and  essentially  no  toxic  gases 
during  burning. 


TA8LE  12.  FLAMMABILITY 

PROPERTIES  OF  VARIOUS  FABRIC  MATERIALS 

(FROM  REFERENCE  101) 

Property 

Cotton 

Polyester 

Nomex 

Kynol 

PBI 

» — —  1* J 4—  _J_  0*1 J 

lyntcicMi  in  ail  vomw 

temperature.  °C 

<550 

871 

788 

927 

Time,  sec 

Inst. 

- 

1 

- 

6 

Flame  impingement  heat  flux 
protection 

NIL 

(Melt) 

Good 

Good 

Good 

Char  yield  characteristics 

Low 

(Melt) 

High,  friable  High,  strong 

High,  strong 

Smoke 

Moderate 

Low 

Moderate 

Low 

Low 

Off  gases  (toxicity) 

- 

- 

Toxic 

co2/h2o 

C0?/H?0 

Thermal  stability  temperature 
degradation.  °C 

437 

Predom. 

Predom. 

590  -  680 

Percent  approximate  weight  loss  at 
900  °C 

„ 

_ 

60 

40 

30 

Limiting  oxygen  index  (percent  02) 

16  -  18 

20  -  21 

27  -  29 

29  -  30 

38  -  43 

105 


5.4.3  Fire  Blocking  Materials  for  Seat  Cushions 


Polyurethane  foam  has  been  identified  as  a  major  contributor  t.o  flashover  con¬ 
ditions.  Flammable  vapors  given  off  by  the  burning  polyurethane  are  trapped 
near  the  ceiling  of  the  cabin  and  can  suddenly  ignite,  propagating  the  fire 
across  the  whole  upper  interior  of  the  aircraft.  As  noted  in  Section  5.4.1, 
there  are  foams  available  which  do  not  support  this  type  of  phenomenon.  How¬ 
ever,  polyurethane  does  offer  significant  advantages  over  those  foams  for 
seat  cushion  use.  These  advantages  include  desirable  mechanical  aspects, 
such  as  low  weight,  excellent  comfort,  resiliency,  and  durability,  and  low 
cost  compared  to  other  seat  cushion  foams. 


Both  NASA  and  the  FAA  became  actively  involved  in  developing  fire-blocking 
materials  for  polyurethane  cushions  when  it  was  shown  that  a  Vonar-3  blocking 
layer  over  a  conventional  urethane  cushion  appeared  equivalent  in  fire  protec¬ 
tive  performance  to  a  cushion  of  neoprene  during  full-scale  fire  tests  at  the 
FAA  Technical  Center.  These  efforts  have  led  to  fire-blocked  polyurethane 
seat  cushions  which  offer  a  significant  reduction  in  the  flashover  potential 
and,  thus,  provide  a  longer  egress  time  for  aircraft  passengers. 


5.4.3. 1  Basic  Principles  of  Fire  Blocking.  In  simplest  terms,  fire  block¬ 
ing  consists  of  inserting  a  layer  between  the  polyurethane  foam  cushion  and 
the  fabric  covering  of  the  cushion  to  reduce  the  production  rate  of  flammable 
vapors  from  the  core  cushion  and  prevent  the  injection  of  such  flammable 
gases  into  the  passenger  compartment.  There  are  various  fire  blocking 
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ms  thought  to  occur  with  existing  materials: 


•  Transpirational  cooling  via  emission  of  water  vapor  to  cool  the 
heated  zone. 


•  Reradiative  materials  with  high  char  yields  which  act  as  insulators. 

•  A  highly  reflective  continuous  surface  which  distributes  the  radiant 
energy  and  reduces  local  heat  loads, 

t  The  initiation  of  vapor  phase  cracking  of  the  combustible  vapor 
species  generated  by  the  low  temperature  pyrolysis  of  the 
polyurethane  substrate. 


Examination  of  the  heat  conduction  and  thermal  radiation  properties  of  seat 
cushion  materials  led  to  the  development  of  a  simple  cushion  model  based  on 
the  following  six  identifiable  layers  (Reference  102). 

1.  A  decorative  fabric  layer 

2.  A  reradiative  char  layer  (formed  from  the  heat  blocking  layer  by 
thermal  degradation  of  a  suitable  fabric  or  foam) 

3.  A  transpiration  layer  (allowing  vapor  exchange) 

4.  An  air  gap  layer 
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5.  A  reflective  layer  (to  assist  in  controlling  radiant  energy) 

6.  The  cushioning  foam  (the  primary  component  which  requires  thermal 
protection) 

In  some  cases,  these  layers  may  be  combined  in  a  single  material.  It  should 
be  noted  that  when  ablative  (sacrificial)  protection  is  provided,  venting  of 
the  seat  cushion  is  necessary  to  prevent  the  sudden  release  of  combustible 
gases. 


5. 4. 3. 2  Seat  Materials  and  Their  Properties.  There  are  three  basic 


1 ayers 

to  the  standard  aircraft 

1. 

Fabric  covering 

2. 

The  fire  blocking  layer 

3. 

The  cushion 

Many  candidate  materials  for  each  of  these  three  layers  have  been  screened 
based  on  flammability  test  data  as  well  as  on  other  criteria,  such  as  raw 
material  availability  and  manufacturing  limitations.  Some  of  the  earliest 
screening  tests  used  the  selection  criteria  given  in  Table  13  as  initial 
criteria  for  the  materials  (Reference  103).  (Reference  103  contains  all  of 
the  test  results  as  well  as  physical  parameters  for  the  numerous  materials 
tested).  All  of  the  materials  were  tested  individually  and  not  as  composite 
seat  cushions.  The  baseline  fabric  was  a  wool/nylon  blend  fabric  currently 
used  in  aircraft  passenger  seating.  The  baseline  foam  material  was  a  fire- 
retarded  polyurethane  foam. 


TABLE  13 

.  SELECTION  CRITERIA  FOR  SCREENING  TESTS  OF  SEAT  MATERIALS 

Recommended  Candidate 

Seat  ComDonent 

Mandatory  Reauirement 

Material 

Oecorative  Fabric  Cover 

Colorfastness,  color  availability,  resistance 

1. 

Airgard  treated  nylon 

to  ignition,  low  flame  spread,  wear  ability. 

2. 

Kernel  47X/Vool 

low  toxicity,  low  smoke  generation 

53X  blend 

Fire-Blocking  Layer 

Burn  resistance,  low  smoke  generation. 

1. 

Kynol  needle  punch 

low  heat,  release,  low  flame  spread. 

batting 

low  toxicity,  low  thermal  conductivity 

2. 

Vonar  No.  3  neoprene 

high  char  yield 

foam  inter  liner 

3. 

Nomex  III  nomex  fabric 

4. 

Burette  duck 

Cushioning  Layer 

Low  total  heat  release,  low  toxicity,  low 

1. 

HL  Neoprene  foam 

smoke  generation,  low  weight  loss. 

2. 

Glass  fiber  block 

resistance  to  mechanical  breakdown 

3. 

Silicone  foam 
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Subsequent  release  rate  calorimetry  testing  of  multilayered  materials  for  air¬ 
craft  seats  showed  that,  with  the  fire-blocking  materials  used  (Kynol,  Vonar, 
and  Durette),  any  variations  in  the  heat  release  rate  and  smoke  release  rates 
were  indicative  of  the  type  and  quantity  of  adhesive  utilized  in  the  bonding 
of  the  assembly  (Reference  104).  A  silicone  elastomeric  layer  contributed 
significantly  to  the  total  heat  release  values.  Multilayered  assemblies 
using  neoprene,  polyimide  and  fiberglass  cushion  materials  contributed  the 
minimum  amount  of  smoke.  Again,  multilayered  assemblies  which  contained 
silicone  cushion  materials  produced  high  amounts  of  smoke.  The  high  heat 
release  rate  and  smoke  generation  values  for  silicone  materials  resulted  in 
their  being  dropped  as  candidate  materials  for  aircraft  seats. 

Subsequent  testing  focused  on  the  use  of  polyurethane  foam  seat  cushions  as 
opposed  to  neoprene  or  polyimide  foams,  because  the  physical  properties  of 
the  neoprene  and  polyimide  foams  were  not  as  desirable  as  the  polyurethane. 

For  instance,  although  the  polyimide  foams  provide  a  high  char  yield  on 
pyrolysis  and  do  not  release  flammable  vapors  into  the  environment,  the 
cross-link  density  and  aromaticity  required  to  achieve  that,  level  of  char 
yield  was  inconsistent  with  the  comfort  factors,  resiliency,  and  durability 
of  the  seat.  Thus,  these  materials  were  eliminated  from  further 
consideration  (Reference  102). 


The  seat  cushion  configurations  selected  for  evaluation  under  this  series  of 
tests  are  shown  in  Table  14.  (All  of  the  materials  for  the  fire-blocking 
layer  were  commercially  available.)  The  goal  cf  the  program  was  to  obtain  an 
equivalent  or  better  fire-blocking  performance  than  that  of  the  Vonar-3  with 
no  increase  in  contemporary  seat  weight  or  price.  (The  Vonar-3-blocking 
layer  resulted  in  an  estimated  weight  penalty  of  4  lb  per  seat.)  The  details 
of  the  testing  program,  the  test  results,  and  physical  data  for  the  materials 
listed  in  Table  13  are  given  in  Reference  102.  The  main  conclusions  of  the 
study  were: 


•  There  was  essentially  no  difference  in  protection  capabilities  with 
the  fire-blocking  layers  whether  the  urethane  foam  was  fire  retarded 
or  not.  In  fact,  the  fire-retardant  foam  was  actually  inferior  in 
performance  to  the  non-fire-retardant  foam  when  used  in  conjunction 
with  some  of  the  tire-blocking  materials,  in  addition,  the  non-f ire- 
retardant  foam  had  distinct  beneficial  weight  savings. 

•  Based  on  small  scale  tests,  Norfab  11HT-26-AL,  which  is  an  alumin¬ 
ized  fabric,  provided  equivalent,  if  not  better,  thermal  protection 
than  the  Vonar-3  and  improved  the  weight  penalty  aspects  by  more 
than  fourfold. 


•  Vent  holes  may  be  required  on  the  underside  of  the  seat  cushions  to 
permit  venting  of  the  pyrolysis  gases  produced  from  the  urethane 
foam. 


Good  correlations  have  been  obtained  between  full-scale  fire  tests  and  var¬ 
ious  laboratory-scale  fire  tests  run  on  the  seat-blocking-layer  materials. 
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TABLE  14.  SEAT  CUSHION  CONFIGURATIONS  SELECTED  FOR  EVALUATION 


Fire-Blocking 

Laver  (FBL) 

FBL  Weight _  1 

Configuration 

Foam 

ka/gi- 

&ihs£ 

1 

FR  urethane* 

None 

2 

FR  urethane* 

Vonar-3,  0.48  cm  (3/16  In.) 

0.91 

27.07 

3 

FR  urethane* 

Vonar-2,  0.32  cm  (2/16  in.) 

0.67 

19.87 

4 

FR  urethane* 

LS-200  neoprene  0.95  cm  (3.8  in.) 

3.0 

84 

5 

FR  urethane* 

Preox  1100-4 
aluminized  Preox  fabric, 
plain  weave,  neoprene 

CTD,  P/N  1299013 

0.39 

11.53 

8 

FR  urethane* 

Norfab  11HT-26-A1 
aluminized  on  one  side, 

25X  Nomex,  70X  Kevlar 

SX  Kvno1.  weave  structure 
lxl  plain 

0.40 

11.8 

7 

FR  uretiiane* 

181  E-Glass,  Satin  Weave 

0.30 

9.2 

8 

NF  urethane* 

Vonar-3,  0.48  cm  (3/16  In.) 

0.92 

27.07 

9 

NF  urethane* 

Norfab  11HT-26-A1 

0.40 

11.8 

10 

LS-200  Necprmne 

None 

11 

Polylmlde 

None 

12 

NF  urethane  light 

Norfab  11HT-26-A1 

0.40 

11.8 

All  decorative  upholstery  Is  a  wool/nylon-blend  fabric. 

"These  polyurethane  foams  were  covered  by  a  cottcn/muslin  fire-retarded  scrim 
cloth,  weighing  0.08  kg/m^  (2.S  oz/yd^). 


The  Ohio  State  University  rate  of  heat  release  apparatus  was  found  to  be  a 
suitable  device  to  measure  the  aircraft  seat-blocking-layer  effectiveness. 
Several  test  measurement  rankings  for  the  OSU  apparatus  operated  at  a 
5.0  W/cnr  heat  flux  level  showed  comparability  with  larger-scale  CFS  weight 
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loss  and  percent  weight  loss  rankings  (Reference  77).  Results  from  the  labor¬ 
atory  studies  confirmed  the  effectiveness  of  the  aircraft  seat-blocking-layer 
concept. 

The  results  of  full-scale  crash  fire  simulator  tests  showed  that  the  use  of  a 
Vonar  fire-blocking  layer  on  the  seat  cushions  increased  survival  time  during 
the  postcrash  fire  test  to  3  min  and  40  sec  (60  sec  greater  than  that  for  the 
standard  seats).  The  use  of  Norfab  for  the  same  test  conditions  gave  a  survi¬ 
val  time  40  sec  greater  than  that  for  the  standard  seat,  but  20  sec  less  than 
that  for  the  Vonar-protected  seats.  The  use  of  noncombustible  cushions  pro¬ 
duced  an  18-sec  improvement  over  that  for  the  Vonar-protected  urethane.  These 
results  are  summarized  in  Figures  62  and  63  (Reference  10). 


FIGURE  62.  EFFECT  OF  CUSHIONING  PROTECTION  ON  CALCULATED  SURVIVAL 
TINE  UNDER  FULL-SCALE  POST-CRASH  FIRE  CONDITIONS. 


5,4.4  Structural  Components 

All  major  transport  aircraft  manufacturers  and  NASA  are  engaged  in  efforts  to 
increase  the  fire  safety  of  interior  structural  components,  such  as  sidewall, 
floor,  and  ceiling  panels.  These  efforts  encompass  the  selection  of  single 
candidate  materials  and  the  fabrication  of  multimaterial  assemblies. 
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FIGURE  63.  EFFECT  OF  CUSHIONING  PROTECTION  ON  CALCULATED  VISIBILITY 
THROUGH  SMOKE  UNDER  FULL-SCALE  POST-CRASH  FIRE  CONDITIONS. 


Candidates  for  improved  thermoplastic  materials  are  listed  in  Tables  15  and 
16,  along  with  their  physical  and  chemical  properties  (Reference  105).  All 
of  these  materials  exhibit  greater  fire  resistance  and  lower  smoke  and 
toxicity  than  the  majority  of  aircraft  interior  materials  currently  in  use. 
Other  promising  materials  include  the  char-forming  polyisocyanurate  and  PBI 
foams  (Reference  106).  Fire-hardening  of  honeycomb  panels  has  been  accom¬ 
plished  by  filling  the  honeycomb  core  with  PBI  or  isocyanurate  foam,  as  well 
as  with  phenol ic- impregnated  fiberglass  batting  (References  88  and  107). 
Further  improvements  can  be  made  by  replacing  flammable  adhesives  (e.g., 
acrylate  adhesive)  with  more  fire-resistant  compounds  such  as  fire-retarded 
epoxy  adhesives  or  polyamide  adhesives  (Reference  106). 

NASA  and  the  FAA  have  both  been  developing  new  interior  panels  for  commercial 
aircraft  over  the  last  few  years.  Generally,  these  interior  panels  are  com¬ 
posite  structures  composed  of  a  honeycomb  core,  resin  impregnated  cloth 
facings,  and  a  decorative  laminate.  A  typical  example  of  an  aircraft  panel 
construction  is  shown  in  Figure  64. 

Parker  and  Kourtides  found  that  the  simple  and  single  value  of  the  char  yield 
could  readily  be  used  to  rank  the  fire  involvement  characteristics  of  individ¬ 
ual  polymer  candidates  for  the  fabrication  of  interior  system  components 
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TABLE  15.  PRELIMINARY  PROPERTIES  OP  CANDIDATE  COMPRESSION  MOLDING  MATERIALS 


ProDertv 

Polyether 

Sulfone. 

Polyphenylene 

Sulfide 

Polysulfonr 

Tensile  strength,  psl 

11,000 

9,500 

10,000 

8,500 

Elongation,  percent 

- 

1.5 

40 

SO 

Flexural  strength,  psl 

16,000 

13,000 

15.000 

12,000 

Heat  deflection  temperature,  °F, 
at  264  psl 

330 

275 

330 

270 

Specific  gravity 

1.37 

1.3 

1.25 

1.20  to  1.26 

Impact  strength  (notched  izod) 
ft-lb/tn.  of  notch 

1.6 

1.5 

1.3 

9.0 

Mod  of  elasticity,  psl 

350,000 

500,000 

340,000 

300.000 

Compressive  strength,  psi 

12,000 

15,000 

13,500 

12.000 

Smoke  density  flaming.  D  (6  mtn.) 

20 

100 

80 

130 

Limiting  oxygen  Index  (LOI) 

37 

44 

30 

23 

(Reference  108).  The  ablation  efficiency  in  the  fuel  fire  environment  of  the 
bulk  polymers  increases  with  increasing  char  yield  from  about  23  percent  to 
about  50  percent,  after  which  it  decreases  abruptly.  Although  most  of  the 
flammability  properties  continue  to  decrease  at  char  yields  greater  than 
50  percent,  it  was  found  that  materials  with  char  yield  between  45  percent  and  v 

60  percent  gave  the  best  combination  of  fire  containment  and  fire  involvement 
properties. 

Figure  65  shows  the  results  of  testing  done  on  experimental  aircraft  panels 
in  which  the  face  sheets  have  been  modified  by  choosing  high-char-yield 
resins  (Reference  108).  The  panels  were  exposed  to  a  combined  radiant  and 
convective  heat  source  which  had  been  found  to  correlate  well  with  full-scale 
fire  tests.  In  Figure  65,  the  backfaee  temperature  has  been  plotted  as  a  func¬ 
tion  of  the  exposure  time  in  seconds.  It  can  be  seen  from  this  figure  that 
the  low-char-yield  epoxies  (char  yield  of  23  percent)  and  the  highest-char- 
yield  conventional  polyimide  (char  yield  70  percent)  gave  the  shortest  time 
(about  140  sec)  to  reach  backfaee  temperature  of  200  °C.  The  bismaleimides 
and  phenol ics,  with  char  yields  of  the  order  of  45  to  60  percent,  gave  the 
best  performance,  taking  about  380  sec  and  180  sec,  respectively,  to  reach  a 
backfaee  temperature  of  200  °C. 
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TABLE  16.  PRELIMINARY  PROPERTIES  OF  CANDIDATE  THERMOFORMED  MATERIALS 


ProDertv 

Mod- 

Dolvcarbonate 

Mod- 

oolvsulfone 

Chlorinated- 

PVC 

Mineral-filled 

Dolvethvlene 

Tensile  strength,  psi 

8,500 

8,000 

5,400 

2,300 

Elongation,  percent 

70 

40 

200 

Takes  permanent 
set 

Flexural  strength,  psi 

12,000 

12,500 

10,000 

3,800 

Heat  deflection 
temperature,  °F, 

0  264  psi 

220 

200 

160 

Specific  gravity 

1.26 

1.26 

1.57 

1.7 

Impact  strength 
(notched  izod) 
ft-lb/in.  of  notch 

10.0 

9.0 

6.6 

12.0  , 

Hod  of  elasticity,  psi 

300,000 

320,000 

300,000 

450,000 

Smoke  density  flaming, 
Ds  (6  min) 

130 

10b 

1*10 

20 

Limiting  oxygen 

Index  (LOI ) 

23 

30 

42 

36 

NASA  subsequently  developed  an  advanced  interior  panel  design.  This  design 
is  shown  in  Figure  66  (Reference  109).  The  inservice  or  standard  panel  was 
an  epoxy  fiberglass-based  panel  of  the  design  employed  in  the  earliest  wide 
body  jet  interiors.  The  advanced  design  used  polyimide  for  the  facing  resin 
and  core  coating  because  of  its  higher  degradation  temperature  and  greater 
anaerobic  char  yield  compared  to  epoxy  resin.  Polyetheretherketone  (PEEK) 
was  selected  as  the  decorative  film  to  eliminate  the  hydrogen  fluoride  pro¬ 
duced  during  thermal  decomposition  of  the  polyvinyl  fluoride  film  commonly 
used  in  contemporary  panels. 

Small-scale  laboratory  tests  showed  that  the  advanced  panel  was  better  than 
the  in-service  panel  for  all  test  measurements  related  to  flammability  and 
gave  no  visible  smoke.  The  panels  were  then  subjected  to  an  exterior  fuel 
fire  adjacent  to  a  fuselage  opening  in  a  full-scale  test  article.  This 
scenario  simulated  a  severe  fire  condition  because  a  seat  was  centered  in  the 
rupture  and  exposed  to  high  levels  of  radiant  heat.  When  that  seat  started 
to  burn  it  caused  additional  radiant  heat  to  impinge  upon  the  other  interior 
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FIGURE  64.  SANDWICH  PANEL  CONFIGURATION  (FROM  REFERENCE  108). 
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FIGURE  65.  THERMAL  EFFICIENCY  OF  EXPERIMENTAL  PANELS 
WITH  VARIOUS  FACE  SHEET  MATERIALS. 


114 


IN-SERVICE 


ADVANCED 


A 


* 


POLYVINYL 
FLUORIDE  (PVF) 


EPOXY/FISERGLAS 


PHENOLIC  COATED 
AROMATIC  POLYAMIDE 


EPOXY/f  IBERGLAS 


«... 

I*  " 

.  POLYIMIDF  COATED 


POLYETHERETHERKETONE 

(PEEK) 


POLYIMIDE/FIBERGLAS 


AROMATIC  POLYAMIDE 


POLYIMIDE/FIBERGLAS 


ripiiBC  ce 

V  4UVI\k  vv  • 


COMPOSITION  OF  COMPOSITE  PANELS 
FOR  AIRCRAFT  INTERIORS. 


materiel $.  A  flashover,  that  is,  a  sudden  and  rapid  uncontrolled  growth  of 
the  lire  from  the  area  in  the  immediate  vicinity  of  the  fire  to  the  remaining 
materials,  occurred  with  both  types  of  panels.  However,  the  time  to  flash- 
over  was  much  earlier  with  the  inservice  panels  than  with  the  advanced 
panels,  as  shown  in  Figure  67a.  The  difference  in  flashover  time,  measured 
by  a  thermocouple  mounted  12  in.  below  the  ceiling,  was  approximately 
140  sec.  Flashover  in  a  postcrash  cabin  fire  creates  nonsurvivable  condi¬ 
tions,  so  the  140-sec  delay  in  flashover  when  using  the  advanced  panels 
provides  140  sec  of  additional  time  for  occupant  evacuation  and  possible 
survival . 

The  superior  fire  performance  of  the  advanced  panels  was  even  more  evident 
with  the  fuel  fire/open  door  scenario  (Figure  67b).  Flashover  occurred  in 
approximately  2-1/2  min.  with  the  inservice  panels;  however,  with  the  ad¬ 
vanced  panels,  flashover  did  not  occur  at  all  over  the  7-min.  test  duration. 
The  cabin  environment  was  clearly  survivable  in  both  tests  before  the  flash- 
over  occurred.  However,  within  30  sec.  after  flashover  occurred  with  the 
standard  panels,  the  levels  of  smoke,  carbon  monoxide  and  hydrogen  fluoride 
ail  increased  dramatically.  These  gases  were  not  detected  at  all  in  the  test 
with  the  advanced  panel  because  the  flashover  was  prevented. 

Similar  results  have  been  attained  during  full-scale  fire  tests  on  panels 
developed  by  the  FAA  (kc Terence  79).  Five  honeycomb  panels  with  various  face 
sheets  were  tested.  The  face  sheets  were  composed  of  a  fabric  impregnated 
with  a  resin.  The  fabrics  tested  included  fiberglass,  Kevlar,  and  graphite, 
while  the  resins  included  epoxy  and  phenolic.  These  various  components  are 
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FIGURE  67.  BENEFIT  OF  ADVANCED  COMPOSITE  PANELS 
IN  FULL-SCALE  FIRE  TESTS. 
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representative  of  the  components  used  in  state-of-the-art  aircraft  inte¬ 
riors.  The  advanced  polyimide  panel,  consisting  of  a  polyimide-dipped  Nomex 
core,  a  polyimide  resin  on  the  fiberglass  face  sheets,  and  a  PEEK  decorative 
surface,  was  used  as  a  standard.  The  test  results  indicated  that  the  tempera¬ 
ture  increase  inside  the  test  article  closely  tracked  the  smoke  and  toxic  gas 
concentration  measurements.  The  results  of  the  tests  are  shown  in  Figures  68 
and  69.  Although  the  advanced  PEEK/polyimide  panel  represents  an  ultimate 
benefit  attainable,  these  panels  are  currently  beyond  the  :^tate  of  the  art  in 
processing  for  large  scale  use  in  aircraft.  However,  the  phenol ic/fiberglass 
panel  tested  well  under  virtually  all  test  conditions  and  wohld  significantly 
improve  survivability  in  postcrash  fires.  In  fact,  this  panel  was  used  as  a 
benchmark  to  select  the  recommended  performance  criteria  for  tha  OSU  heat 
release  rate  testing  of  aircraft  materials. 


TIME  (SEC) 


FIGURE  68.  COMPARATIVE  TEMPERATURE  PROFILES  OF  HONEYCOMB  PANELS  WITH 
VARIOUS  FACE  SHEETS  DURING  FULL-SCALE  FIRE  TESTS. 
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FIGURE  69.  COMPARATIVE  SMOKE  PROFILES  OF  HONEYCOMB  PANELS  WITH 
VARIOUS  FACE  SHEETS  DURING  FULL-SCALE  FIRE  TESTS. 


A  number  of  decorative  films  for  aircraft  interior  sandwich  panels  were 
investigated  by  Kourtides  (Reference  110).  These  films  were  investigated  as 
replacements  for  the  polyvinyl  fluoride  (PVF)  film  currently  used  in  aircraft 
interiors.  Candidate  films  were  studied  for  flammability,  smoke  emission, 
toxic  gas  emission,  flame  spread,  and  suitability  as  a  printing  surface  for 
the  decorative  acrylic  ink  system.  The  films  were  evaluated  as  pure  films 
only,  films  sil k-screened  with  acrylic  ink,  and  films  adhered  to  a  phenolic 
fiberglass  substrate.  Kourtides  found  that  the  propensity  to  burn  and  the 
toxic  gas  emission,  especially  hydrogen  fluoride  (HF) ,  of  the  panels  can  be 
significantly  lowered  by  using  polyetherketone  as  a  substrate  film  suitable 
for  screen  printing  ink.  However,  potential  problems,  such  as  clarity, 
gelation  spots  in  the  film,  and  suitable  width,  will  have  to  be  resolved 
before  this  film  can  be  developed  to  its  full  potential.  An  aramid  polyamide 
film  had  good  fire-resistant  properties  but  had  low  elongation  and  was  UV- 
unstable.  All  of  the  fluorinated  films  (baseline  PVF,  FM  (flame  modified) 
PVF,  and  polyvinyl idene  fluoride)  exhibit  very  high  HF  evolution. 

Simulated  full-scale  fire  tests  done  on  cargo  compartment  ceiling  liners  for 
Class  D  cargo  compartments  showed  that  fiberglass  liners  performed  much  bet¬ 
ter  than  Nomex  liners  (Reference  111).  The  Notnex  liner  burned  through  in 
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each  case.  Although  the  polyester  resin  used  with  the  fiberglass  ceiling 
liner  was  partially  burned  away,  the  glass  cloth  remained  intact  for  all 
tests  and  proved  that  the  fiberglass  liner  could  contain  baggage  fires.  This 
project  also  revealed  that  the  test  method  specified  in  FAR  25.855  and 
FAR  25.853  does  not  reflect  the  burn-through  resistance  of  Class  D  cargo 
liners  subjected  to  realistic  fires. 

The  effectiveness  of  different  materials  in  containing  a  fire  was  also  shown 
in  a  program  directed  at  improving  the  flame  resistance  of  aircraft  window 
systems  (Reference  5).  Full-scale  fire  tests  were  performed  in  a  20-ft  long 
section  of  a  salvage  DC-10  aircraft  fuselage  in  which  the  window  configura¬ 
tions  were  exposed  to  flame  impingement  from  an  adjacent  external  JP-4  fuel 
fire.  During  this  program  two  tests  were  conducted  using  different  types  of 
panels  adjacent  to  the  windows.  These  comparative  tests  showed  that  an  alumi 
num  interior  decorative  panel  reached  the  incipient  melting  temperature  of 
aluminum  in  164  sec  after  fuel  ignition  while  a  honeycomb  panel  required 
231  sec  before  reaching  the  same  temperature.  This  difference  of  67  sec 
represents  significant  delay  in  the  temperature  rise  between  the  two  interior 
panel  configurations.  Since  the  temperature  rise  of  the  interior  honeycomb 
panel  was  significantly  slower,  this  panel  would  delay  flame  intrusion  into 
the  cabin  interior. 


5.4.5  Aircraft  Insulation 
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partments  can  help  protect  occupants  from  heat  generated  from  an  exterior 
postcrash  fire  as  long  as  the  fuselage  remains  intact.  However,  not  all 
types  of  insulation  are  suitable,  and  some  insulations,  such  as  glass  wool  or 
fiberglass,  may  worsen,  rather  than  lessen,  the  postcrash  fire  hazard. 


Tests  conducted  under  the  sponsorship  of  the  NASA/ Ames  Research  Center  pro¬ 
vided  evidence  of  the  effectiveness  of  a  modified  polyisocyanurate  semirigid 
foam.  A  C-47  aircraft  fuselage  was  separated  into  two  zones:  one  a  refer¬ 
ence  zone  with  no  modification,  and  the  other  a  zone  provided  with  the  foam 
insulation,  as  shown  in  Figure  70.  Fuel-fed  ground  fires  were  lighted  next 
to  the  aircraft  fuselage  and  allowed  to  burn  for  approximately  10  min.  Temp¬ 
eratures  recorded  inside  the  aircraft  fuselage  are  shown  in  Figure  71.  Lit¬ 
tle  smoke  or  gas  was  evolved.  Occupant  survival  time  inside  the  reference 
section  would  have  been  no  more  than  1-1/2  min,  while  an  occupant  in  the 
insulated  section  could  have  survived  for  approximately  9  to  10  min.  (See 
Section  3.3.1  for  a  detailed  discussion  of  human  tolerance  to  heat.) 


The  application  of  similar  technology  to  rotary-wing  aircraft  has  not  been  as 
successful.  Fire  tests  of  a  CH-47  and  a  UH-1D  helicopter  showed  that  only 
limited  protection  could  be  attained  for  occupants  for  the  first  few  minutes 
following  the  onset  of  a  postcrash  fire  (Reference  112).  Two  main  factors  ac 
counted  for  the  limited  protection  attained.  These  were  (1)  the  unreliabil¬ 
ity  of  the  protective  wall  materials  because  of  problems  in  suitably  applying 
the  materials  to  the  helicopter  wall  structures,  and  (2)  the  poor  fire  resis¬ 
tance  of  currently  used  Plexiglas  helicopter  windows. 
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FIGURE  70.  SEMIRIGID  FOAM  INSULATION  TEST  CONFIGURATION. 


The  walls  of  the  two  helicopters  posed  different  insulation  problems  because 
of  their  different  structures.  Fire  penetrations  in  the  CH-47  walls  occurred 
where  the  isocyarurate  foam  could  not  be  applied  because  of  the  presence  of 
wiring,  air  ducts,  and  hydraulic  oil  tubes.  The  UH-1D  walls  did  not  lend 
themselves  to  foaming  because  of  the  absence  of  ribs  and  formers.  The  sodium 
silicate  hydrate  panels  used  to  protect  the  interior  walls  partially  col¬ 
lapsed  because  of  the  absence  of  structural  support. 

Although  the  postcrash  fire  protection  was  limited,  in-flight  simulation 
tests  conducted  during  the  same  program  indicated  that  it  should  be  possible 
to  protect  the  habitable  compartment  against  a  fire  occurring  in  an  adjacent 
compartment.  Sodium  silicate  hydrate  panels  lining  the  fire  compartment  suc¬ 
cessfully  contained  the  fire  and  kept  temperatures  in  the  adjacent  cabin  far 
below  human  tolerance  levels. 
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TIME  (MIN) 


FIGURE  71.  COMPARTMENT  AMBIENT  TEMPERATURE  VERSUS  TIME  FROM 
FUEL  IGNITION  DURING  FOAM  INSULATION  TESTS. 


Intumescent.  paints  and  coatings  provide  another  method  of  thermal  insula¬ 
tion.  These  fire-retardant  materials  react  to  the  heat  of  a  fire  by  swelling 
and  forming  a  thick,  low-density,  polymeric  coating  or  char  layer,  thus  pro¬ 
tecting  the  coated  surface  from  the  full  effects  of  the  fire.  An  intumescent 
paint  was  sprayed  on  the  interior  fuselage  wall  in  the  CH-47  foam  test 
described  above  to  provide  a  void  fill  between  the  frame-foam  interface  to 
prevent  burn-through  at  that  point. 

More  research  must  be  done  in  this  area,  however,  before  these  materials  can 
provide  postcrash  fire  protection  by  themselves.  Furnace  test  results  for 
eight  commercially  available  intumescent  paints  and  coatings  indicated  that 
none  of  them  could  provide  the  desired  fire  protection  (Reference  112).  Al¬ 
though  these  materials  intumesced  readily,  the  fire  gases  eroded  the  char 
very  quickly  when  the  coatings  were  exposed  directly  to  the  fire.  The  coat¬ 
ings  were  not  effective  on  the  nonfire  side  of  the  aluminum  panel,  because 
the  char  could  not  support  itself  once  the  panel  burned  away.  Furthermore, 
most  of  them  produced  noxious  fumes,  and  therefore  should  not  be  applied  in 
habitable  compartments.  These  materials  did  show  promise,  however,  as 
linings  for  potential  fire  compartments  to  protect  occupants  against 
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in-flight  fires  resulting  from  fuel  or  hydraulic  line  leakage.  Flight- 
critical  components  next  to  a  fire  zone  can  also  receive  partial  protection 
from  these  paints. 


5.4.6  windows 


The  documented  early  failure  time  of  cabin  windows  in  aircraft  accidents 
involving  postcrash  fire  led  the  FAA  to  investigate  thermally  improved  air¬ 
craft  window  systems  to  prevent  flame  penetration  into  the  passenger  cabin 
during  the  evacuation  of  the  occupants  (Reference  5).  A  typical  commercial 
aircraft  cabin  passenger  window  assembly  is  composed  of  a  dual  pressure  pane 
configuration  and  an  acoustic  dust  shield  or  scratch  pane.  The  pressure 
window  system  consists  of  an  outer  or  structural  pane  and  an  inner  or  fail¬ 
safe  pane,  both  fabricated  from  stretched  acrylic  (polymethylacrylate).  The 
FAA  tested  these  standard  window  assemblies  along  with  an  improved  window 
assembly  in  which  the  inner  acrylic  fail-safe  pane  was  replaced  by  one  fabri¬ 
cated  of  a  new  polymeric  material  identified  as  EX  112.  This  material  is  a 
high-char  yield  transparency  made  from  trimethoxy  boroxine  modified  epoxy 
resin.  The  two  panes  in  both  window  systems  were  held  in  position  by  an 
elastomeric  (silicone)  gasket  and  clipped  to  the  window  frame. 


Full-scale  fire  tests  were  conducted  on  the  standard  and  thermally  improved 
window  systems  using  a  20-ft-long  section  comprising  portions  of  the  skin, 
doubler,  and  belt  salvaged  from  a  DC-10  and  cut  into  segments  containing  two 
ao jacem.  winuuw  openings,  thereby  providing  a  means  of  evaluating  the  stars 
dard  and  thermally  improved  windows  systems  under  identical  fire  conditions. 
The  two  adjacent  windows  were  separated  internally  by  means  of  a  vertical 
steel  sheet.  The  fire  pan  could  be  filled  with  variable  quantities  of 
aviation  fuel  to  provide  the  required  burning  time. 


Test  I  was  conducted  using  Kaowool  insulation  on  the  inside  of  the  fuselage 
skin.  The  results  of  this  test  indicated  that  the  thermally  improved  window 
configuration  provided  an  overall  improvement  in  flame  resistivity  over  the 
standard  acrylic  window  system  of  at  least  79  sec.  During  this  experiment, 
the  silicone  rubber  window  gasket  around  the  improved  window  system  provided 
adequate  thermal  and  mechanical  stability  to  prevent  flame  intrusion  into  the 
cabin  for  225  sec,  the  duration  of  fire  exposure.  A  similar  silicone  rubber 
gasket  mounting  the  stretched  acrylic  panes  in  the  standard  window  configura¬ 
tion  became  fused  to  the  edges  of  the  panes,  which  melted,  shrank,  burned, 
and  fell  into  the  fire  pool  in  approximately  146  sec.  The  researchers  noted 
that  the  thermal  resistivity  demonstrated  by  the  gasket  under  severe  fire 
exposure  was  noteworthy,  and  its  survival  was  attributable  in  part  to  the 
thermal  resistance  of  the  EX  112  fail-safe  pane. 


In  Tests  2,  3,  and  4  the  average  failure  time  of  the  standard  acrylic  and 
thermally  improved  (EX  112)  fail-safe  window  panes,  using  standard  glass 
fiber  insulation,  was  198  and  249  sec,  respectively,  after  fuel  ignition. 
These  data  indicate  that,  on  average,  an  improvement  of  fire  resistivity  of 
51  sec  was  obtained  by  the  improved  window  configuration  over  the  standard 
window  system.  Thus  the  flame  resistance  provided  by  the  thermally  improved 
EX  112  window  pane  was  significantly  longer  than  that  provided  by  the 
standard  stretched  acrylic  type. 
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As  stated  in  the  introduction  to  this  chapter,  the  selection  of  interior 
materials  is  governed  by  several  varied,  and  sometimes  conflicting,  require¬ 
ments.  All  interior  materials  must  effectively  meet  their  original  intended 
uses.  For  instance,  seat  cushions  must  provide  a  certain  degree  of  comfort, 
must  possess  specific  crash-resistant  characteristics  of  compressive  modulus 
and  rebound,  and  must  meet  minimum  durability  criteria.  The  additional  re¬ 
quirements  of  low  flammability  and  low  smoke  and  toxic  gas  emissions  can 
create  a  problem  in  finding  materials  that  meet  all  of  the  criteria,  and 
trade-offs  must  sometimes  be  made.  The  following  guidelines  should  be 
considered  in  establishing  priorities  for  trade-offs. 


In  aircraft  that  are  equipped  with  crash-resistant  fuel  systems  the  impor¬ 
tance  of  material  flammability  is  reduced,  but  should  always  be  considered  in 
order  to  minimize  the  hazards  of  in-flight  fires.  The  importance  of  material 
flammability  cnaracteri sties  increases  as  the  amount  of  flammable  materials 
increases.  Those  materials  most  prevalent  in  the  aircraft,  such  as  noise  in¬ 
sulation  and  interior  structural  components,  should  possess  as  low  a  flamma¬ 
bility  rating  as  possible.  Low  flammability  characteristics  for  restraint 
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of  material  used.  Seat  cushions  and  upholstery,  depending  on  the  quantity 
used,  might  fall  somewhere  in  between  in  regard  to  the  importance  of  their 
flammability  characteristics.  This  should  not  be  construed  as  deleting  flam¬ 
mability  reouirements  for  those  materials  used  in  lesser  quantities.  Every 
effort  should  be  made  to  select  the  least  flammable  material  available  for 
each  end  use. 


Those  items  involved  directly  in  crash-resistance,  such  as  seat  cushions  and 
restraint  systems,  must  satisfy  all  crash-resistant  requirements  as  a  first 
priority.  If  there  is  no  material  available  that  can  satisfy  both  the  crash 
and  postcrash  (flammability)  requirements,  some  reduction  in  optimum  flamma¬ 
bility  characteristics  might  have  to  be  tolerated.  However,  the  designer 
should  first  consider  protecting  the  more  flammable  material  with  a  less  flam¬ 
mable  one.  The  effectiveness  of  the  latter  approach  must  be  confirmed  by 
flammability  tests  of  the  candidate  system  to  ensure  that  the  system  performs 
as  anticipated. 

If  materials  that  cannot  fulfill  all  of  the  flammability  requirements  con¬ 
tained  in  the  following  section  must  be  selected,  materials  that  present  the 
least  amount  of  fire  hazard  should  be  chosen.  The  material  should  not  ignite 
easily  and  should  have  as  low  a  flame  spread  rate  as  possible.  Care  must  be 
taken  to  avoid  selecting  a  material  with  high  flashover  potential,  such  as  a 
nonfire-retarded  polyurethane  foam,  unless  it  is  protected  by  a  fire-blocking 
layer. 

Smoke  and  toxic  gas  emissions  also  should  be  held  to  minimum  possible 
levels.  Those  materials  known  to  emit  significant  amounts  of  toxic  gases, 
such  as  modacrylics,  should  not  be  used. 
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At  the  present  time,  the  FAA  flammability  requirements  specified  in 
FAR  25.853  (Reference  113)  are  the  only  specific  mandatory  requirements  for 
aircraft  interior  materials.  The  FAA  amended  the  requirements  in  1984  to  add 
additional  flammabil ity  tests  for  seat  cushions  (except  for  flight  crewmember 
seats)  and  is  adding  the  05U  rate  of  heat  release  test  procedure  for  interior 
ceiling  and  wall  panels,  partitions,  etc. 

Although  many  of  the  other  flammability  tests  can  and  should  be  used  for 
screening  materials  during  the  selection  process,  interior  materials  in  all 
U.S.  Army  aircraft  should  meet  the  requirements  of  FAR  25.853  as  a  minimum. 
Seat  cushion  requirements  should  be  met  for  all  seats,  including  those  of 
flight  crewmembers. 

FAR  25.853  flammability  requirements  are  summarized  below. 

Materials  used  in  each  compartment  occupied  by  the  crew  or  passengers  must 
meet  the  following  test  criteria  as  applicable: 

Ceiling  panels,  wall  panels,  partitions,  structural  flooring,  etc.  Must 
be  self-extinguishing  when  tested  vertically  by  applying  a  1550  °F 
flame  to  the  lower  edge  of  the  specimen  for  60  sec.  Average  burn  length 
not  +n  ovroorj  fi  vn_  h'j ar una  f i amo  time  after  removal  of  test  flame  not 
to  exceed  15  sec.  Drippings  may  not  continue  to  flame  more  than  an  aver¬ 
age  of  3  sec.  In  addition,  materials  must  meet  the  OSU  heat  release  rate 
in  a  vertical  position  exposed  to  a  total  heat  flux  on  the  specimen  of 
3.5  watts  per  square  centimeter  (W/cnr).  The  average  total  heat 
release  must  not  exceed  65  kilowatt-minutes  per  square  meter,  and  the 
average  peak  heat  release  rate  must  not  exceed  65  kilowatts  per  square 
meter. 

ac Itirf ina  upholstery),  ,sg,ai  j:u shi. o^.  pad¬ 
dings,  Insulations  (except  electrical  insulation)  etc.  Must  be  self- 
extinguishing  when  tested  vertically  by  applying  a  1550  °F  flame  to  the 
lower  edge  of  the  specimen  for  12  sec.  Average  burn  length  not  to  exceed 
8  in.;  average  flame  time  after  removal  of  test  flame  not  to  exceed 
15  sec.  Drippings  may  not  continue  to  flame  more  than  an  average  of 
5  sec.  In  addition,  seat  cushions  must  meet,  an  oil  burner  test.  This 
test  exposes  the  side  of  the  seat  cushion  to  a  specified  oil  burner  for 
2  min.  During  the  next  5  min  the  burn  length  must  not  reach  the  side  of 
the  cushion  opposite  the  burner  and  must  not  exceed  17  in.  Also,  the 
average  percentage  weight  loss  must  not  exceed  10  percent. 

Acrylic  windows,  signs,  restraint  systems,  etc,  may  not  have  an  average 
burn  rate  greater  than  2.5  in. /min  when  tested  horizontally  by  applying  a 
1550  °F  flame  to  the  specimen  edge  for  15  sec. 

The  reader  Is  referred  to  References  114  and  78  for  the  complete  text  of  the 
regulations  and  test  requirements. 


If  fire-retardant  coatings  are  used  for  fabric  and  trim  materials,  the  ef¬ 
fects,  if  any,  of  routine  maintenance  and  cleaning  procedures  must  be  as¬ 
sessed.  If  the  coatings  can  be  removed  by  routine  cleaning  procedures,  the 


flammability  test  should  be  repeated  after  a  representative  number  of 
cleaning  cycles. 

5.5.3  Smoke  and  Toxic  Gas  Test  Criteria 

The  FAA  has  not  adopted  criteria  for  smoke  or  toxic  gas  emissions  from  interi¬ 
or  materials  because  the  full-scale  fire  tests  have  demonstrated  a  corre¬ 
lation  between  flammability  and  smoke  emission  characteristics  of  the  materi¬ 
als  tests.  Also,  the  full-scale  tests  showed  that  there  was  a  significant 
correlation  between  flammability  and  toxic  emissions  and  that  severe  hazard 
from  toxic  emissions  does  not  occur  until  a  flashover  occurs.  In  addition, 
there  has  not  been  good  correlation  shown  between  any  of  the  laboratory  tests 
for  smoke  and  toxic  gases  and  full-scale  fire  tests.  It  should  be  empha¬ 
sized,  however,  that  these  generalizations  are  true  only  for  the  materials 
that  have  so  far  been  tested  in  the  full-scale  tests  and  only  for  the  full- 
scale  tests  simulating  a  fuel  fire  outside  of  the  fuselage.  It  is  possible 
that,  in  the  future,  after  more  work  has  been  done  on  the  laboratory  tests, 
some  criteria  might  be  adopted. 

In  the  meantime,  screening  tests  should  certainly  be  conducted  on  candidate 
materials  and  systems  to  enable  the  designer  to  select  those  materials  with 
the  lowest  smoke  and  toxicity  emissions  and  to  preclude  using  materials  which 
might  generate  high  levels  of  smoke  and  toxic  gases.  It  is  recommended  that 
materials  be  screened  for  smoke  emissions  using  either  the  test  procedure  for 
the  OSU  release  rate  apparatus  specified  by  NFPA  263  (Reference  80)  or  the 
modified  NBS  smoke  chamber  as  outlined  in  Reference  71. 

The  screening  method  to  distinguish  materials  producing  more  toxic  combustion 
products  than  those  from  other  materials  should  be  performed  using  the  NBS 
toxicity  test  method  (Reference  82).  In  this  test,  one  material  is 
considered  significantly  more  toxic  than  another  material  if  the  toxic 
concentrations  generated  differ  by  an  order  of  magnitude. 

5.5.4  Evaluation  of  Materials 

The  flammability  properties  of  polymeric  materials  currently  used  in  commer¬ 
cial  aircraft  have  been  qualitatively  assessed  by  the  Committee  on  Fire 
Safety  Aspects  of  Polymeric  Materials  of  the  National  Materials  Advisory 
Board  (Reference  114).  This  information  is  presented  in  Table  17  to  assist 
the  designer  in  evaluating  materials.  Table  17  should  not  be  construed  as  a 
list  of  acceptable  materials,  since  the  assessment  is  based  on  flammability 
properties  only.  Specific  application  to  U.S.  Army  aircraft,  which  neces¬ 
sarily  have  different  functional  requirements  than  do  commercial  aircraft, 
must  be  considered  in  final  material  selection. 

Also,  a  great  deal  of  effort  is  being  expended  in  the  development  of  newer, 
less  flammable,  less  toxic  interior  materials.  The  flammability  properties 
of  these  materials  are  scattered  throughout  the  literature.  Fortunately  for 
the  designer,  the  Urban  Mass  Transportation  Administration  maintains  a  com¬ 
puterized  materials  information  bank  that  will  be  continually  updated  as  new 
materials  and  testing  methods  are  evaluated.  The  data  bank  contains  flam¬ 
mability,  smoke,  and  toxicity  properties  obtained  by  a  variety  of  standard 
testing  procedures  for  candidate  materials.  These  data  are  supplemented  with 
available  physical  and  mechanical  properties,  as  well  as  durability  and  main¬ 
tainability  data.  The  data  in  the  bank  can  be  accessed  from  the  Transportation 
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KEY:  (-)  ■  unsatisfactory,  (+)  -  good,  (*)  *  further  study  needed,  end  (C)  »  satisfactory. 
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KEY:  (-)  »  unsatisfactory,  {+)  «  good,  (*)  «  further  study  needed,  and  (0)  «  satisfactory. 


TABLE  17  (CQMTD) .  FLAMMABILITY  APPRAISAL  OF  MATERIALS  USED  IP  COMMERCIAL  AIRCRAFT 
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KEY: 


TABLE  17  (CONTD).  FLAMMABILITY  APPRAISAL  OF  MATERIALS  USED  IN  COMMERCIAL  AIRCRAFT 
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Systems  Center,  located  In  Cambridge,  Massachusetts.  The  data  will  be  made 
available  to  designers,  transit  authorities,  and  other  Government  agencies. 

Fire  blocking  of  polyurethane  seat  cushions  with  slipcover  liners  of  compo¬ 
site  fabrics  is  taking  place  now  In  response  to  FAA  requirements  for  fire 
blocking  of  aircraft  seat  cushions  in  airline  passenger  cabins.  Performance 
of  a  fire-blocking  fabric  is  greatly  influenced  by  the  specific  polyurethane 
foam  being  protected  and  the  decorative  upholstery  covering  installed  over 
the  assembly.  Upholstery  covering  fabrics  may  be  grouped  into  five  major 
categories.  The  chart  in  Figure  72  illustrates  the  order  of  merit  of  these 
fabrics  in  assisting  the  fire  blocking  mechanisms  or  requiring  greater  fire 
blocking  capabilities  underneath  them  (Reference  115). 


100%  WOOL 
90/10  WOOL/NYLON 
POLYESTER 
NYLON 
LEATHER 


DETRACT^ _ 
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FIGURE  72.  UPHOLSTERY  FABRIC  INFLUENCE  OH 
FIRE  BLOCKING  MECHANISM. 


At  this  time  no  single  fire-blocking  fabric  dominates  the  field.  Table  18 
shows  the  range  of  fabrics  currently  in  use  or  available.  Among  the  factors 
to  be  considered  in  selection  of  a  fabric  are: 

t  Thermal  performance  •  Comfort 

.  •  Cost  •  Maintainability 

•  Height  •  Producfbility 

•  Durability 
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TABLE  18.  FIRE  BLOCKING  FABRIC 
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Major  factors  affecting  the  thermal  performance  of  the  fire  blocking  fabric 
are: 

•  Fiber  material/fiber  material  combination 

•  Weight  --  increased  mass  improves  capability 

•  Tightness  of  weave/construction  --  decreasing  porosity  improves 
capability 

e  Airspaces  --  trapped  air  increases  capability 

•  Coatings  --  increased  capability  by  decreasing  porosity  or  adding  a 
layer  which  is  thermally  reactive  (aluminized  or  organically 
coated) . 

For  a  particular  application,  a  small  screening  program  will  probably  have  to 
be  run  with  an  initial  array  of  fabrics.  Reference  115  provides  additional 
data  which  would  help  a  designer  in  selecting  upholstery  fabric  and  fire¬ 
blocking  fabrics. 

Specialty  foams  have  been  developed  which  provide  an  alternative  to  the  com¬ 
posite  fabric  for  fire-blocking.  The  LS-200  neoprene  is  used  in  institu¬ 
tional  and  ground  transportation  applications  as  a  covering  in  bonded 
moderately  thick  sections.  Although  the  airline  companies  find  the  neoprene 
foam  unacceptable  for  passenger  seating  applications  because  of  the  weight 
penalty,  this  type  of  foam  should  be  considered  for  smaller  aircraft  with 
fewer  seats  where  the  weight  penalty  would  not  be  prohibitive.  Vonar  is  also 
used  in  layered  construction  but  has  been  considered  unacceptable  because  of 
its  weight.  It  also  should  be  considered  for  those  aircraft  with  fewer 
seats. 
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6.  PITCHIHS  PROVISIONS 


6.1  1NTRQBUC7108 

Since  li.  S.  Army  aircraft  are  frequently  flown  over  water,  unplanned  water 
landings  are  not  uncommmon.  The  crash  parameters,  survival  envelope  cri¬ 
teria,  and  human  tolerance  limits  presented  In  Volume  II  of  this  design  guide 
are  equally  applicable  to  water  and  land  impacts.  However,  the  water  environ¬ 
ment  during  the  postcrash  phase  presents  additional  unique  problems  that  do 
not  occur  on  land.  This  chapter  addresses  those  problems  and  offers  general 
design  concepts  and  guidelines  to  increase  occupant  survival  in  ditching 
situations. 


An  aircraft  ditching  is  a  forced  landing  of  an  aircraft,  in  the  water.  It  is 
not  to  be  confused  with  an  uncontrollable  crash  into  a  water  environment. 
Ditching  is  a  premeditated  maneuver  deliberately  executed  by  the  pilot  with 
the  specific  intention  of  abandoning  the  aircraft.  In  general,  it  is  an  act 
that  offers  reasonable  hope  of  escape  and  survival.  In  fact,  premeditated 
ditchings  should  have  an  equal  or  greater  number  of  survivors  than  forced 
landings  on  land  if  adequate  postcrash  survival  provisions  are  present. 
Analysis  of  ditching  conditions  shows  survival  can  be  enhanced  by  adequate 
(large,  numerous)  egress  openings,  highly  visible  lighting  around  escape 
openings,  and,  especially  for  passenger-carrying  helicopters,  truly  effective 
aircraft  flotation  devices. 

6.2.1  Aircraft  Configuration  and  Survivability  Characteristics 

The  majority  of  fatalities  in  light  fixed-wing  and  rotary- wing  aircraft 
ditchings  are  due  to  drowning.  However,  the  behavior  of  the  aircraft  and 
consequent  egress  difficulties  vary  somewhat  between  the  two  different 
aircraft  configurations.  Injury  patterns  associated  with  water  impacts  and 
ditchings  have  been  studied  and  are  diseased  in  Reference  116. 

6.2. 1.1  Fixed-Wing  Aircraft.  Fixed-wing  aircraft  generally  will  remain 
afloat  for  a  sufficient  length  of  time  to  permit  occupant  evacuation.  In  a 
study  of  306  light  aircraft  ditchings,  Snyder  and  Gibbons  found  that,  al¬ 
though  actual  flotation  time  was  not  clear  in  many  cases,  the  known  data  indi¬ 
cated  90  to  95  percent  of  the  aircraft  stayed  afloat  long  enough  for  safe 
egress  (Reference  117).  This  finding  is  reflected  in  the  relatively  high 
survival  rates  determined  from  the  study:  88.5  percent  survival  for  both 
pilots  and  passengers.  The  authors  also  concluded  that  at  least  50  percent 

of  the  resulting  fatalities  were  caused  by  drowning  after  a  successful 
egress.  Thus,  fatalities  were  related  more  often  to  lack  of  emergency  person¬ 
nel  flotation  devices  than  to  impact  trauma  or  egressing  difficulties. 

Aircraft  configuration  seems  to  be  a  factor  in  ditching  incident  survival. 

This  same  study  determined  that  fixed-gear  aircraft,  whether  high-  or  low- 
wing,  are  less  successfully  ditched  than  retractable-gear  configurations. 
Occupants  of  high-wing,  multiengine  aircraft  seem  to  have  significantly  less 
chance  of  surviving  a  ditching  than  do  occupants  of  other  types  of  fixed-wing 
aircraft. 


HO 


6.2. 1.2  Rotary-Wing  Aircraft,  Unplanned  landings  on  water  are  difficult 
for  rotary-wing  aircraft  because  their  high  center-of-gravity  configurations 
are  for  the  most  part  unstable  In  this  environment.  The  rotors  cannot  be 
relied  upon  to  help  keep  the  aircraft  upright  since  the  ditching  may  be  due 
to  loss  of  engine  power,  or  waves  ’nay  induce  an  early  rolling  tendency,  caus¬ 
ing  the  rotor  blades  to  strike  the  water.  Also,  compressor  blades  very  often 
become  salt-incrusted  and  stall  shortly  after  touchdown.  In  addition,  a  sig¬ 
nificant  number  of  helicopter  ditchings  involve  autorotation  onto  the  water. 
Flaig,  in  a  study  of  U.  S.  Navy  helicopter  ditchings  from  1960  through  1974, 
found  that  24  percent  of  controlled,  unplanned  water  landings  involved  auto¬ 
rotation  (Reference  118). 

As  with  fixed-wing  aircraft,  most  fatalities  in  helicopter  ditchings  are  due 
to  drowning.  During  a  study  of  78  Navy  helicopters  involved  in  water  ac¬ 
cidents  resulting  in  the  loss  of  63  lives  over  a  4-year  period,  it  was  found 
that  only  10  deaths  were  due  to  injuries  (Reference  119).  Twenty-five  deaths 
were  attributed  to  drown ings  and  the  remaining  28  were  lost  at  sea.  Twenty- 
one,  or  40  percent,  of  those  recovered  drowned  or  lost  at  sea  were  last  sej'n 
still  in  the  aircraft.  The  overall  survival  rate  seemed  to  correlate  with 
the  helicopter  flotation  time,  as  shown  in  Table  19. 


TABLE  19.  SURVIVAL  RATE  VERSUS  HELICOPTER  FLOTATION 
TIME  (FROM  REFERENCE  118) 


Flotation 

time 

Survivors 

<1  min 

165 

1-5  min 

42 

>5  nln 

83 

Percent 

EatolilM 

26 

13.6 

4 

8.7 

S 

5.7 

In  correlating  fatality  rates  with  specific  helicopter  models,  however,  Flaig 
found  that  the  helicopter  flotation  capability  did  not  correlate  with  the 
fatality  rate  of  occupants  who  survived  the  Impact  but  perished  because  the 
helicopter  did  not  stay  afloat  long  enough  (Reference  118).  This  seeming 
inconsistency  results  from  the  finding  that,  in  larger  helicopters  (more  than 
four  crew  members),  safety  decreases  faster  with  the  number  of  people  than  it 
increases  with  relatively  good  flotation.  Another  finding,  which  bears  on 
the  issue  of  helicopter  size  versus  flotation,  is  that  passengers  were  much 
more  likely  to  be  fatalities  than  regular  crew  members.  Of  particular  signi¬ 
ficance  is  the  fact  that  76  percent  of  the  crew  fatalities  and  92  percent  of 
the  passenger  fatalities  were  due  to  drowning.  It  is  a  matter  of  record  that 
underwater  escape  training  of  U.S.  Navy  crewmembers  has  a  large  part  to  play 
In  saving  their  lives. 
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Since  the  majority  of  ditched  helicopters  roll  Inverted  and  sink  In  only  a 
few  minutes,  inrushing  water  might  be  expected  to  hinder  emergency  egress. 
Interviews  of  helicopter  ditching  survivors  have  confirmed  this  supposition, 
with  inrushing  water  reported  as  a  deterrent  to  escape  far  more  frequently 
than  any  other  problem  (Reference  119).  Inrushing  water  was  the  only  egress 
problem  encountered  by  HZ  survivors.  However,  in  addition,  it  was  reported 
in  conjunction  with  several  other  egress  problems,  as  shown  below: 


Inrushing  water  only 

43 

Inrushing  water  plus: 

Reaching  hatch 

34 

Confusion/di surientatl on 

26 

Releasing  hatch 

16 

Darkness 

12 

Fire/smoke/fuel 

11 

Releasing  restraints 

9 

To  determine  the  effectiveness  of  escape  hatch  illumination  on  ease  of  egress 
from  submerged,  inverted  helicopters,  simulation  tests  were  conducted  by  the 
Naval  Submarine  Medical  Research  Laboratory  utilizing  trained  divers  (Refer¬ 
ence  120).  Tests  were  conducted  using  three  different  window  escape  hatches 
under  day  and  night,  light  and  no-light  conditions.  The  only  two  variables 
that  showed  statistically  significant  effects  were  the  window  used  for  egress 
and  the  presence  or  absence  of  window  lighting.  (The  lighting  consisted  of 
high  intensity  electroluminescent  lights  at  the  tops  and  sides  of  the  windows.) 


The  one  window  emergency  exit  showing  significantly  longer  egress  time  required 
the  occupant  to  remove  a  seat  back  support  tube  from  across  the  window  and  zo 
exit  from  the  window  without  striking  a  sponson  support  strut  just  outside-the 
window. 


More  rapid  egress  occurred  when  the  windows  were  illuminated  than  when  they 
were  not.  There  was  no  significant  difference  between  the  speed  of  night  and 
day  egress  under  either  the  light  or  no-light  conditions.  Even  with  the  use  of 
trained  divers  and  controlled  conditions,  there  were  16  recorded  instances  when 
subjects  became  disoriented,  lost,  and/or  entangled  within  the  helicopter. 
Fifteen  of  these  instances  occurred  in  the  absence  of  illumination,  and  one 
occurred  with  the  lights  on. 


Emergency  escape  provisions  are  discussed  in  detail  in  Chapter  7.  Although  the 
provisions  in  Chapter  7  apply  to  all  aircraft,  the  unique  problems  encountered 
in  escaping  a  ditched  aircraft,  especially  rotary-wing  aircraft,  dictate 
special  consideration  for  egress  openings.  Maximum  egress  time  prior  to  heli¬ 
copter  rollover  into  an  inverted  position  and  submergence  can  vary  from  a  few 
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seconds  to  a  few  minutes.  Therefore,  occupant  survival  is  highly  dependent 
on  egressing  from  the  aircraft  in  a  timely  manner.  If  immersion  suit  usage 
is  contemplated,  the  suits  should  be  included  in  the  demonstration  test 
required  in  Section  7.2.1. 

Since  the  ditching  survival  rate  is  dependent  on  the  number  of  occupants  in 
rotary-wing  aircraft,  more  and  larger  emergency  exits  should  be  provided  in 
passenger-carrying  helicopters  than  might  normally  be  provided.  The  configur¬ 
ation  of  each  aircraft  model  dictates  the  potential  available  escape  routes. 
Consideration  should  be  given  to  providing  additional  escape  hatches,  which 
can  be  opened  if  necessary,  in  the  overhead,  deck,  and  tail  sections  to 
facilitate  escape,  especially  if  the  aircraft  sinks  on  its  side. 

6.3.2  Explosively  Cut  Exits 


Explosive  cutting  charges  can  be  used  to  provide  quick-opening  emergency 
exits  in  downed  aircraft.  These  systems  definitely  should  be  considered  for 
use  in  passenger-carrying  helicopters  operating  over  water.  Their  rapid 
initiation  time  (less  than  0.1  second)  and  immunity  to  the  crash  conditions 
would  provide  the  rapidity  of  opening  and  accessibility  required  of  emergency 
exits  in  unplanned  water  landings. 


Linear  shaped  charges  should  be  placed  around  and  extend  beyond  existing  win- 
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ally  placed  shaped  charges  in  the  overhead,  deck,  and  empty  bullhead  spaces 
could  provide  the  additional  emergency  exits  required  under  the  ditching 
conditions.  Since  Reference  121  inidicates  that  the  use  of  explosives 
underwater  is  hazardous  to  personnel,  the  system  must  be  tested  underwater 
for  pressure  signature  prior  to  permitting  underwater  use. 


Each  exit  should  be  capable  of  being  actuated  manually  and  independently  from 
the  rest  so  that  only  desired  exits  are  opened,  since  opening  of  submerged 
exits  may  result  in  more  rapid  sinking.  However,  automatic  actuation  by 
.water  pressure  could  be.  used  after  all  exits  are  submerged. 

A  detailed  discussion  of  explosively  created  exit  systems  may  be  found  in 
Section  7.2.7. 


6.4  UNDERWATER  EMERGENCY  LIGHTING 

Adequate  emergency  exit  lighting  is  essential  for  rapid  evacuation  of  any  air¬ 
craft  under  conditions  of  reduced  visibility.  It  is  critical  in  ditching  sit¬ 
uations  because  of  the  disorientation  of  aircraft  occupants  and  the  limits  of 
underwater  visibility,  even  during  daylight  conditions.  The  following  sec¬ 
tions  discuss  the  particular  problems  of  underwater  visibility  and  the  cri¬ 
teria  necessary  for  adequate  emergency  exit  lighting  under  water.  Emergency 
lighting  in  general  is  discussed  in  Section  7.3. 

6.4.1  Underwater  Visibility 

The  ability  of  an  observer  to  detect  an  object  depends  not  only  on  the  inten¬ 
sity  of  illumination  but  also  on  the  visual  threshold  of  the  observer's  eye. 
Smith,  et  al . ,  found  that  luminance*  thresholds  in  water  are  higher  than 
those  in  ambient  air  by  about  1.5  log  units  (Reference  122).  A  principal 
reason  for  this  is  the  loss  of  the  unprotected  eye's  focusing  power  in  the 
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water.  This  loss  produces  severe  hyperopia;  that  is,  the  focal  length  of  the 
eye  is  increased,  and  the  viewed  target  cannot  be  brought  into  focus  within 
the  plane  of  the  retina.  In  water  one  does  not  see  a  sharply  defined  target 
light,  but  rather  a  diffuse  blur  whose  apparent  size  is  much  larger  than  it 
would  be  if  viewed  in  the  air.  The  increase  in  size  has  the  effect  of 
spreading  the  light  intensity  over  too  large  an  area  to  be  compensated  for  by 
spatial  summation  in  the  retina,  thus  resulting  in  an  increase  in  the  lumi¬ 
nance*  required  for  detection. 

The  initial  adaptation  level  of  the  eye  also  influences  the  luminance  thresh¬ 
old.  When  an  observer  looks  from  a  brighter  field  to  a  dimmer  field,  his 
eyes  must  adapt  to  the  change  in  light  intensity.  Thus,  increased  target 
brightness  or  longer  viewing  times  are  required  to  compensate  for  the  tempo¬ 
rarily  lower  threshold  sensitivity  experienced  when  changing  from  higher  to 
lower  adaptation  levels.  The  rate  of  adaptation  in  water  parallels  that  in 
air,  as  illustrated  in  Figure  73  (Reference  122).  Thus,  the  difference  in 
visibility  thresholds  between  air  and  water  mediums  is  approximately  1.5  log 
units  at  all  adaptation  levels. 


VIEWING  TIME  (SEC) 


FIGURE  73.  COMPARISON  OF  LUMINANCE  THRESHOLDS  AT  TWO  ADAPTING 
LEVELS  IN  WATER  AND  IN  AIR. 


♦Luminance  is  the  photometric  brightness  or  luminous  intensity  of  a  surface 
in  a  given  direction  per  unit  of  projected  area.  It  is  measured  quanti¬ 
tatively  in  foot-1 amberts0(fL)  or  candelas  per  square  meter  (cd/nr).  One 
foot-1  ambert  -  3,426  cd/m1-. 
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6.4.2 


Requirements 


Since  the  curves  for  threshold  luminance  in  air  tan  be  used  to  predict  the 
sensitivity  of  the  eye  in  water  if  the  curves  are  shifted  downward  by  1.5  log 
units,  Smith,  et  al.,  have  proposed  the  following  method  for  determining  light 
levels  necessary  for  helicopter  escape  (Reference  *'££). 

Bouguer's  exponential  law  of  absorption  may  be  used  tc  obtain  the  luminance 
(l)  required  of  a  light  source  to  be  just  visible  a\.  distance  (d)  by  an 
individual  whose  threshold  sensitivity  is  (S)  in  v.atcv  with  attenuation 
coefficient  (a): 


L  *  SV 


(3) 


where  V  *  ea<*. 

The  attenuation  coefficient  varies  with  climatic  and  water  conditions.  Repre¬ 
sentative  values  of  the  coefficient  (a)  are  shown  in  Table  20.  In  open  water, 
the  coefficient  (a)  generally  varies  from  0.08  to  0.125.  Values  in  harbors, 
bays,  and  gulfs  may  vary  from  0.167  to  0.7,  while  estuaries  and  coastal  waters 
tend  to  be  much  more  turbid.  Conditions  within  ditched  helicopters  may  be 
such  that  the  coefficient  depends  more  on  debris  or  oil  rather  than  the  water 
in  which  it  is  ditched,  but  this  factor  has  not  been  evaluated. 


TABLE  20.  REPRESENTATIVE  ATTENUATION  COEFFICIENTS 
(a)  FOR  VARIOUS  WATER  SOURCES 


Pacific  Countercurrent 

0.083 

1951 

Pacific  North  Equatorial  Current 

0.083 

1951 

Gulf  of  Mexico  {Panama  City) 

0.100 

1967 

Pacific  South  Equatorial  Current 

0.111 

1951 

Caribbean  Sea 

0.125 

1951 

Caribbean  Sea  (Roosevelt  Roads) 

0.300 

1969 

Long  Island  So»'nd 

0.700 

1967 

Thames  River  (Connecticut) 

3.500 

1969 

Viewing  distance  (d)  will  vary  with  seating  arrangements  and  escape  hatch 
placement. 


145 


Sensitivity  (S)  will  vary  among  the  aircraft  crew  and  flight  conditions. 
Occupants  not  looking  outside  the  aircraft  may  be  exposed  to  adapting  fields 
of  15  to  50  cd/rtr.  Pilots  and  crew  members  who  must  look  outside  the  air¬ 
craft  will  be  exposed  to  much  higher  levels.  For  example,  a  pilot  flying  in 
a  hazy  sky  can  experience  25,000  to  35,000  cd/m  .  During  ditching,  pilots 
will  be  looking  at  the  water,  which  is  generally  less  bright  than  the  sky, 
and  adaptation  levels  will  be  reduced  to  approximately  350  cd/m. 

The  minimum  output  levels  (L)  for  escape  hatch  lights  may  be  determined  by 
substituting  appropriate  values  of  V  and  S  in  Equation  (3).  The  value  of  V 
can  be  found  from  Figure  74,  which  gives  values  of  V  for  various  attenuation 


FIGURE  74,  VALUES  OF  V  IN  EQUATION  (3)  FOR  DISTANCES  FROM  LIGHT  SOURCE 
TO  OBSERVER  WITH  VARIOUS  WATER  ATTENUATION  COEFFICIENTS  (a). 
(FROM  REFERENCE  122) 
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coefficients  and  the  distance  from  the  light  to  the  observer.  Figure  75 
provides  threshold  sensitivity  levels  for  elapsed  times  following  extinction 
of  an  adapting  field  with  luminances  from  0.35  to  350  cd/m  . 


TIME  (SEC) 


FIGURE  75.  THRESHOLD  SENSITIVITY  (S)  LEVELS  FOR  ELAPSED 
TIME  AFTER  DITCHING  FOR  ADAPTATION  FIELDS  (AF) 
FROM  0.35  TO  350  cd/m*.  (FROM  REFERENCE  122) 


A  degree  of  latitude  is  available  in  selecting  the  sensitivity  level. 
Several  seconds  are  required  during  a  ditching  for  conditions  to  stabilize 
enough  to  permit  escape.  During  this  time,  ambient  light  levels  are 
dropping,  thus  lowering  the  adaptation  levels.  Requiring  the  lights  to  be 
visible  2  sec  after  ditching,  rather  than  immediately,  signi  icantly  lowers 
the  threshold  sensitivity  (S),  as  may  be  seen  in  Figure  75.  Consequently, 
the  lower  value  of  S  will  reduce  the  required  brightness  of  the  exit  lights 
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Table  21  lists  the  values  of  L  obtained  from  Equation  (3)  when  the  adapting 
level  is  350  cd/nr,  and  the  light  must  be  visible  immediately  upon  ditch¬ 
ing.  The  effect  of  increasing  turbidity  (higher  attenuation  coefficient)  on 
light  level  requirement  is  apparent.  The  calculated  luminance  (L)  is  the 
minimum  value  at  which  the  light  Is  just  barely  visible.  The  higher  the 
value  that  l  is  above  the  threshold  level,  the  greater  the  probability  of 
detection.  Therefore,  the  highest  brightness  level  of  light  permitted  by 
other  design  conditions  should  be  employed  for  the  escape  lighting  system. 


TABLE  21.  EXAMPLES  OF  VALUES  FOR  MINIMUM 
LUMINANCE  (L)  IN  cd/w2  FOR 
ESCAPE  HATCH  LIGHTS  AT  DIS¬ 
TANCES  TO  LEVEL  OF  350  cd/m2 


01  stance 

Attenuation  Coefficients _ 

(meters) 

_lx5_ 

1.0 

2x5 

0.5 

34 

17 

14 

1.0 

12? 

21 

17 

1.5 

439 

45 

21 

2.0 

1,538 

75 

27 

2.5 

5,331 

127 

34 

3.0 

16,610 

206 

45 

3.5 

64,950 

339 

58 

4.0 

♦ 

562 

75 

5.0 

- 

1,528 

127 

6.0 

- 

4,152 

206 

7.0 

- 

11,289 

339 

8.0 

- 

30,880 

5S2 

9.0 

- 

83,399 

925 

•Values  belo*  here  become  very  large  and 
are  perhaps  prohibitive. 


The  Naval  Research  and  Development  Command  carried  out  a  series  of  tests  on 
several  different  types  of  lights  to  determine  the  most  desirable  characteris¬ 
tics  of  helicopter  escape  hatch  lighting  for  underwater  escape  (Refer¬ 
ence  123).  Three  arrangements  of  lights  around  the  hatch  were  tested  to  de¬ 
termine  which  configuration  allowed  the  subjects  to  judge  most  quickly  which 
side  of  the  hatch  was  the  top  and  if  the  three  configurations  of  lights 
showed  any  visibility  differences.  Also  investigated  were  two  types  of 
1 ights- -electroluminescent  (EL)  panels  and  chemical  lights.  Maximum  and 
minimum  intensities  and  viewing  angles  were  also  investigated. 


Figure  76  presents  the  results  of  the  tests  on  the  different  types  of  lights 
and  the  configuration  of  the  lights  around  the  hatch.  Figure  76  shows  that 
Configuration  II  produced  the  lowest  number  of  errors  when  the  subject  had  to 
judge  the  orientation  of  the  nearest  hatch.  Figure  76  also  shows  that  the 
chemical  lights  were  more  legible  than  the  EL  panels.  The  researchers  con¬ 
cluded  that  the  chemical  lights  were  more  legible  because  they  are  round  and 
not  subject  to  viewing  angle  effects. 


CONFiGUR*  i  iON 


FIGURE  76.  PERCENTAGE  OF  TRIALS  ON  WHICH  THE  SUBJECTS  COULD  NOT  CORRECTLY 
IDENTIFY  THE  ORIENTATION  OF  THE  THREE  LIGHTING  CONFIGURATIONS 
FOR  VARIOUS  LIGHTS  OVER  THE  THREE  DISTANCES  IN  WATER  OF  TWO 
TURBIDITIES.  THE  CHENICAL  LIGHTS  WERE  NOT  TESTED  IN  CONFIGUR¬ 
ATION  I  AT  A  TURBIDITY  OF  a  »  0.9. 


The  intensity  range  for  the  EL  lights  in  the  hatch  configuration  was  also 
investigated.  The  mean  threshold  intensities  from  these  tests  are  shown  in  Fig¬ 
ure  77.  At  the  near  distance  of  8  ft  a  mean  intensity  of  only  2  fL  was  re¬ 
quired  despite  an  increased  turbidity.  This  increased  to  20  fL  at  14  ft. 

Since  an  exceptionally  bright  light  could  produce  a  large  cloud  of  light  in 
turbid  water  which  could  make  it  difficult  to  localize  the  light,  several  high 
level  intensities  were  also  investigated.  It  was  found  that  although  there 
were  localization  errors  when  the  intensity  of  the  source  was  1500  fL  or 
greater,  there  were  no  large  location  errors  when  the  intensity  was  dropped  to 
200  fL. 
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HATCH  DISTANCE  (f'T) 


FIGURE  77.  MEAN  THRESHOLD  INTENSITY  (fL)  OF  THE  CONFIGURATION 
OF  EL  PANELS  AT  DIFFERENT  DISTANCES  IN  HIGHLY  TURBID 
HATER  (a  «  3.0). 


The  previous  work  was  an  important  element  in  formulating  a  specification  for 
the  Helicopter  Emergency  Egress  Lighting  (HEEL)  system  developed  by  the  Naval 
Air  Development  Center  in  conjunction  with  commercial  manufacturers.  The 
HEEL  system  provides  illumination  of  emergency  exits  to  helicopter  occupants 
in  an  emergency  landing  or  ditching. 

A  typical  HEEL  installation  is  shown  in  Figure  78  (Reference  124).  Elements 
of  the  system  include  a  light  tube  configured  in  an  inverted  U  around  each 
hatch  and  a  control  box  which  interfaces  with  the  aircraft  wiring.  The  con¬ 
trol  box  also  contains  a  rechargeable  battery  pack  to  provide  power  to  light¬ 
ing  units  at  sufficient  intensity  levels  for  the  required  duration  (10-min 
minimum).  It  also  contains  an  enable/disable  switch  to  disable  the  light  for 
an  exit  if  an  operational  requirement  dictates  that  the  light  not  be  used. 

The  light  tube  itself  is  a  flexible  tube  containing  a  linear  series  of  light 
emitting  diodes. 

The  system  is  armed  after  engine  start  with  rotor  blades  turning  and  is  nor¬ 
mally  disarmed  before  rotor  blades  are  stopped  during  shutdown.  If  the  rotor 
blade  speed  drops  below  25  rpm  while  the  system  is  armed,  the  lights  will 
automatically  illuminate.  The  system  senses  tne  helicopter  permanent  magnet 
generation  (PMG)  signal.  The  loss  of  this  signal  actuates  the  lights.  The 
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FIGURE  78,  TYPICAL  HEEL  INSTALLATION. 


PMG  signal  was  selected  because  it  reflects  the  loss  of  main  rotor  rotation, 
which  is  a  true  indication  of  an  aircraft  emergency.  The  aircraft  interfacing 
hardware  contains  an  on/off  switch  located  in  the  cockpit,  circuitry  to  obtain 
and  rectify  the  PMG  output  and  provide  a  28  VDC  signal,  and  the  required 
electrical  wiring  to  the  connector  at  each  escape  exit.  This  system  is  now 
commercially  available. 

6.5  AIRCRAFT  FLOTATION  SYSTEMS 

Several  methods  currently  being  used  in  attempts  to  provide  ditched  helicopters 
with  flotation  capabilities  include  inflatable  bags,  large  sponsons,  sealed 
hulls,  and  combinations  thereof.  Some  of  these  methods  have  not  been  parti¬ 
cularly  successful  in  preventing  postcrash  fatalities,  since  they  were  unable 
to  provide  adequate  flotation  times  for  the  escape  of  all  occupants  from  larger 
helicopters,  for  instance,  although  one  type  of  Navy  helicopter  has  floated 
upright  for  more  than  2  min  in  70  percent  of  its  ditchings,  it  has  a  high 
fatality  rate  (Reference  118). 

If  large  numbers  of  people  are  to  be  carried,  ■,>  flotation  provisions  must  be 
very  effective  to  lower  the  fatality  rate.  As  ,...ght  be  expected,  the  number  of 
inadequate  flotation  incidents  will  decrease  as  more  flotation  provisions  are 
incorporated  in  any  given  helicopter.  Thus,  consideration  should  be  given  to 
using  a  combination  of  flotation  methods,  such  as  sponsons  in  conjunction  with 
flotation  bags,  sealed  hulls,  etc. 
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6.5.1  Sponsons 


Although  sponsons  are  not  usually  intended  to  permit  extended  periods  of  oper¬ 
ation  on  water,  they  can  help  stabilize  the  aircraft  in  water  landing  to  pick 
up  rescuers.  However,  to  be  of  any  value  in  providing  flotation,  the  sponsons 
must  be  quite  large  to  counteract  the  inherent  instability  due  to  a  helicop¬ 
ter's  high  center  of  gravity,  even  with  the  rotors  stopped. 

The  sponson  buoyancy  required  to  stabilize  an  aircraft  for  small  angles  of 
rotation  may  be  estimated  by  using  the  following  equation  (Reference  125): 


tan  6 


(4) 


where  9  -  heeling  angle,  deg 

Fs  «  maximum  single  sponson  buoyancy,  lb 

e  -  horizontal  distance  from  aircraft  centerline  to  the  center  of 
buoyancy  of  the  sponson,  ft 

d  -  vertical  distance  of  the  aircraft  center  of  buoyancy  to  the 
aircraft  center  of  gravity,  ft 

W  -  normal  gross  weight  of  the  aircraft,  lb 


The  heeling  angle  calculated  for  Equation  (4)  should  be  ve  ified  by  data  from 
tests  performed  on  the  aircraft  or  on  a  scale  model  thereof. 

5-5.2  Flg.Utl9IL.Bfl9& 

Inflatable  gas  bag  flotation  systems  have  been  developed  and  are  currently 
being  used  on  several  aircraft.  Their  success  to  date,  however,  has  been 
limited.  Reliability  problems  have  yet  to  be  solved  satisfactorily  (Refer¬ 
ence  118).  In  addition,  buoyancy  requirements  of  truly  effective  flotation 
bags  pose  design  problems  relative  to  the  size  and  location  of  the  deployed 
bags. 

The  flotation  bag  buoyancy  required  to  stabilize  a  helicopter  to  any  desired 
heeling  angle  may  be  estimated  from  the  following  equation  (Reference  125): 

Ffe«.  +  F.  e. 

tan  S  •  ^  *  b  (5) 


where  6 


heeling  angle,  deg 


F$  -  maximum  single  sponson  buoyancy,  lb 
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es  -  horizontal  distance  from  aircraft  centerline  to  center  of 
buoyancy  of  the  sponson,  ft 

Fjj  -  buoyancy  of  inflated  bag,  lb 

=  horizontal  distance  from  aircraft  centerline  to  center  of 
bag,  ft 

d  -  vertical  distance  of  aircraft  center  of  buoyancy  to  aircraft 
center  of  gravity,  ft 

W  -  normal  gross  weight  of  aircraft,  lb 


As  may  be  seen,  the  maximum  heeling  angle  determined  from  Equation  (5)  is 
dependent  on  the  buoyant  force  of  the  bag  (bag  size)  and  the  distance  of  the 
bag  from  the  aircraft. 

To  achieve  maximum  effectiveness,  the  bags  should  be  compartmented  with  infla¬ 
tion  sources  for  pairs  of  compartments,  one  on  each  side.  They  should  be  in¬ 
flated  simultaneously,  just  prior  to  or  at  low-speed  water  contact  to  prevent 
separations  at  Impact.  Reliability  considerations  of  the  flotation  system 
are  of  prime  importance.  The  failure  of  both  bags  to  inflate,  or  the  separa¬ 
tion  of  both  bags  from  the  aircraft  upon  water  contact,  will  destroy  any  ef- 
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side  could  cause  the  aircraft  to  list  and  possibly  sink  faster  than  it  would 
without  the  system. 


6.6  DITCHING  EQUIPMENT 

Suitable  tiedown  or  stowage  facilities  should  be  provided  for  life  rafts, 
life  preservers,  survival  kits,  and  miscellaneous  ditching  equipment.  Re¬ 
straint  devices  and  supporting  structures  for  equipment  should  be  designed  to 
restrain  the  equipment  to  static  loads  of  50  G  downward,  10  G  upward,  35  G 
forward,  15  G  aftward,  and  25  G  sideward.  All  survival  equipment  should  be 
readily  available  and  easily  released  from  their  restraining  devices  by  the 
occupants  after  ditching.  More  details  on  the  design  requirements  for 
containing  emergency  equipment  may  be  found  in  Volume  III  of  this  design 
guide  under  Ancillary  Equipment  or  Retention. 

Provisions  for  carrying  life  rafts  should  be  included  In  all  aircraft  whose 
mission  requires  frequent  flight  over  water,  especially  if  the  aircraft  mis¬ 
sion  also  includes  troop  transport.  Research  has  shown  that  individuals  are 
not  able  to  tolerate  exposure  in  32  °F  (0  °C)  water  for  more  than  90  min 
or  50  °F  (10  °C)  water  for  more  than  18  hr  (Reference  126).  Figure  79  shows 
that  a  life  raft  between  the  sea  and  the  individual  provides  a  significant 
buffer  that  extends  the  tolerance  time  for  a  period  of  days.  A  raft  with  an 
effective  spray  canopy  can  make  the  difference  in  survival  of  ai  -craft  occu¬ 
pants  in  the  sea 

The  design  and  location  of  life  raft  mountings  or  restraining  devices  should 
be  such  that  rafts  can  be  removed  from  their  mounts  or  enclosures  and  de¬ 
ployed  outside  the  aircraft  within  30  sec  from  the  time  that  release  or  re¬ 
moval  action  is  initiated  by  the  operator. 


TIME  (HRS) 


FIGURE  79.  TOLERANCE  TIME  FOR  DIFFERENT  HATER  TEMPERATURES 
WHILE  IN  LIFE  RAFTS. 


When  exterior  installations  for  life  rafts  or  other  survival  equipment  are 
provided,  the  mountings,  retention  devices,  or  enclosures  should  be  designed 
to  preclude  inadvertent  actuation  or  damage  in  flight  or  when  ditching.  Such 
equipment  should  be  recoverable  by  occupants  from  an  exit  intended  for  use  in 
ditching.  Release  mechanisms  should  minimize  the  possibility  of  jamming  due 
to  structural  deformation  that  might  be  incurred  upon  ditching. 
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7 .  EMERGENCY  ESCAPE  AND  RESCUE  PROVISIONS 


7.1  INTRODUCTION 

Even  though  an  occupant  has  survived  a  crash,  the  problem  of  surviving  the 
postcrash  environment  still  remains.  Severe  postcrash  conditions  occur  in  a 
relatively  small  percentage  of  accidents,  but  they  account  for  a  dispropor¬ 
tionately  large  number  of  injuries  and  fatalities.  The  key  to  postcrash 
survival  is  the  time  between  the  initial  crash  sequence  and  the  onset  of 
nontolerable  conditions.  The  primary  postcrash  hazards  are  fire  and  water. 
The  occurrence  of  either  can  reduce  the  available  escape  time  to  seconds. 
Therefore,  effective  emergency  escape  provisions  are  essential  as  integral 
portions  of  the  aircraft  design. 

7.2  EMERGENCY  EXITS 

7.2.1  Emergency  Exit  Requirements 

Two  factors  that  largely  determine  emergency  exit  requirements  are  (1)  the 
amount  of  available  time  before  the  postcrash  conditions  exceed  human 
tolerance  limits  and  (2)  the  attitude  and  condition  of  the  aircraft  struc¬ 
ture  after  it  comes  to  rest. 
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that  the  available  escape  time  from  helicopters  involved 
in  postcrash  fires  is  only  7  to  16  sec  (see  Chapter  3).  Thus,  all  occupants 
must  be  able  to  evacuate  the  aircraft  within  10  sec  if  they  are  to  survive. 
However,  the  allowable  evacuation  time  can  be  extended  to  30  sec  if  a  crash- 
resistant  fuel  system  is  installed  in  the  aircraft.  The  emergency  exit  cri¬ 
teria  presented  in  this  chapter  are  predicated  on  the  installation  of  such  a 
fuel  system  and  should  allow  all  occupants  of  an  aircraft  to  evacuate  within 
30  sec. 


Providing  sufficient  exits  for  30-sec  evacuation  of  the  maximum  number  of 
personnel  to  be  carried  would  seem  to  meet  the  emergency  requirements. 
However,  it  is  not  unusual  for  several  exits  to  be  blocked  following  a 
crash.  For  instance,  if  a  rotary-wing  aircraft  comes  to  rest  on  its  side, 
all  exits  on  that  side  will  be  unusable.  Also,  exits  can  be  blocked  by  out¬ 
side  objects,  such  as  trees,  or  by  deformation  of  the  aircraft  structure. 
Therefore,  emergency  escape  provisions  should  allow  the  maximum  number  of 
aircraft  personnel  to  evacuate  in  30  sec  with  only  one-half  of  the  aircraft 
exits  available  for  egress. 

Evacuation  times  should  be  demonstrated  by  actual  tests  using  personnel  ap¬ 
proximating  95th-percentile  troops  with  full  combat  equipment  for  passengers 
and  95th-percentile  aviators  with  arctic  flight  gear  and  body  armor  for  crew 
members.  (Anthropometric  data  for  U.S.  Army  aviators  can  be  found  in  Vol¬ 
ume  II  of  this  design  guide.)  The  following  sections  present  emergency  exit 
design  criteria  to  assist  the  designer  in  meeting  the  above  requirements. 
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7.2.2  Types  of  Exits 


Aircraft  exits  are  provided  to  facilitate  either  normal  or  emergency  exit  and 
entry.  Generally,  these  exits  are  classified  as  follows: 

•  Class  A  Exit:  A  door,  hatch,  canopy,  or  other  exit  intended  primar¬ 
ily  for  normal  entry  and  exit. 

•  Class  B  Exit:  A  door,  hatch,  or  other  exit  intended  primarily  for 
service  or  logistic  purposes  (e.g.,  cargo  hatches  and  rear  loading 
ramps  or  clamshell  doors). 

•  Class  C  Exit:  A  window,  door,  hatch,  or  other  exit  intended  primar¬ 
ily  for  emergency  evacuation.  Exit  closures  for  Class  C  exits  must 
be  capable  of  being  removed  from  the  exit  opening  within  5  sec  from 
both  Inside  and  outside  the  aircraft  regardless  of  the  aircraft's 
attitude. 

A  Class  C  exit  constitutes  the  minimum  requirement  for  an  emergency  exit.  A 
Class  A  exit  with  emergency  jettison  provisions  is  normally  considered  super¬ 
ior  to  a  Class  C  exit  because  of  its  large  size,  and,  in  most  cases,  it  can 
be  used  in  lieu  of  a  Class  C  exit.  Despite  its  superiority,  however,  each 
Class  A  exit  with  emergency  jettison  provisions  can  replace  only  one  Class  C 
exit.  Class  8  exits  also  may  be  used  In  lieu  of  Class  C  exits  if  adequate 
emergency  release  provisions  are  installed;  however,  the  functional  design  of 
Class  B  exits  usually  makes  their  use  less  desirable  for  emergency  exit.  In 
order  for  Class  A  and  B  exits  to  qualify  for  use  in  lieu  of  Class  C  exits, 
the  exit  closures  must  be  capable  of  being  removed  from  the  exit  opening 
within  5  sec  from  both  inside  and  outside  the  aircraft  regardless  of  the 
aircraft's  attitude. 


7.2.3 


All  exits,  including  Class  C  exits,  must  be  large  enough  to  accommodate  95th- 
percentile  troops  and  aviators  as  specified  in  Section  7.2.1.  Furthermore, 
ijio  ovjtc  must  be  large  enough  to  allow  these  personnel  to  evacuate  the  air¬ 
craft  rapidly. 


Class  C  exits  should  be  at  least  22  in.  square  with  6-in. -radius  corners,  or 
22  in.  in  diameter.  This  exit  size  is  an  Air  Force  requirement  and  is  con¬ 
sidered  to  be  minimum  for  the  evacuation  of  troops  at  the  rate  of  1.5  sec  per 
person  (Reference  127).  This  size  must  be  considered  an  absolute  minimum 
since  the  anthropometric  data  given  in  Volume  II  of  this  design  guide  lists 
the  shoulder  breadth  of  a  95th-percentile  U.S.  Army  aviator  as  20.3  in. 
Therefore,  it  Is  strongly  recommended  that  all  Class  C  exits  be  larger  than 
the  minimum  22  in.  Other  shapes  may  be  used  also,  providing  the  minimum 
dimensions  are  met  or  exceeded.  In  any  case,  all  exits  must  be  sufficient  in 
size  and  shape  to  allow  95th-percentile  troops  and  aviators,  equipped  as 
specified  In  Section  7.2.1,  to  pass  through  the  exit  at  a  rate  of  1.5  sec  per 
person  or  less. 


7.2.4  Number  of  Exits 


7.2.4. 1  Crew  Compartment  (Cockpit).  Each  flight  crew  member  must  have 
access  to  at  least  one  usable  emergency  exit  regardless  of  aircraft  attitude 
after  impact.  Thus,  if  a  single  cockpit  enclosure  is  used  for  a  single  crew 
position,  two  Class  C  exits  on  opposite  sides  of  the  cockpit  should  be  pro¬ 
vided.  This  arrangement  assures  an  alternate  means  of  escape  If  the  aircraft 
rolls  on  its  side,  blocking  one  exit.  One  Class  A  exit  with  an  emergency  re¬ 
lease  provision  may  be  substituted  for  each  Class  C  exit  if  desired.  The 
Class  A  exit  may  be  the  normal  entry/exit  door  with  an  emergency  jettison 
capability. 


The  minimum  emergency  escape  exit  requirement  for  cockpit  enclosures  with 
side-by-side  crew  positions  is  also  two  Class  C  exits.  One  exit  should  be 
installed  on  each  side  of  the  fuselage.  Although  two  Class  C  exits  are  re¬ 
quired,  any  combination  of  Class  C  and  Class  A  exits  may  be  substituted, 
provided  the  Class  A  exits  have  an  emergency  jettison  feature. 


Cockpit  enclosures  with  tandem  crew  positions  should  be  provided  with  two 
Class  C  exits  and  one  Class  A  exit  with  an  emergency  release  provision.  This 
requirement  assumes  that  the  two  crew  positions  are  mutually  accessible. 

Mutual  accessibility  means  that  a  95th-percentile  crew  member  dressed  in 
arctic  flight  gear  and  body  armor  could,  without  undue  difficulty,  climb  from 
one  crew  position  to  the  other  in  order  to  exit  the  aircraft  in  an  emergen¬ 
cy.  If  the  exits  in  such  a  cockpit  are  not  mutually  accessible  to  the  crew 
members  because  of  intervening  structure  or  installed  equipment,  each  crew 
member  should  be  provided  with  a  Class  C  exit  and  a  Class  A  exit  with  an  emer¬ 
gency  release  provision.  When  sliding  or  clamshell  canopies  are  used.  Class 
C  exits  or  other  suitable  means  should  be  provided  for  crew  escape  when  the 
aircraft  is  inverted  or  otherwise  malpositloned  on  the  ground  and  the  canopy 
cannot  be  jettisoned.  Accident  records  for  aircraft  with  canopy-type  cockpit 
enclosures  indicate  crew  members  are  often  trapped  in  the  cockpit  when  the 
aircraft  flips  over  on  its  back  and  the  canopy  cannot  be  jettisoned.  Some 
helicopters  are  equipped  with  pyrotechnic  devices  to  shatter  the  side  windows 
in  the  canopy  to  facilitate  escape,  since  experience  with  such  accidents 
indicates  that  knives,  axes,  or  other  tools  carried  in  the  cockpit  for  chop¬ 
ping  through  the  Plexiglas  canopy  are  not  adequate  solutions  for  emergency 
exit  when  postcrash  fire  or  occupant  Injury  is  present.  When  the  primary 
means  of  escape  is  blocked,  an  alternative  means  is  clearly  necessary. 


7. 2. 4, 2  Passenger  or  Troop  Compartments.  The  minimum  emergency  escape 
exit  requirement  for  troop/passenger  sections,  exclusive  of  exits  provided  in 
cockpit  sections,  is  two  Class  C  exits.  One  exit  should  be  installed  on  each 
side  of  the  fuselage.  If  one  of  the  two  exits  becomes  blocked  for  any 
reason,  the  other  exit  will  serve  as  the  primary  means  of  escape.  Normally, 
a  Class  A  exit  is  required  for  passenger/troop  compartments.  If  normal 
passenger  or  troop  entry  and  exit  in  a  particular  aircraft  is  through  the 
troop/passenger  compartments,  a  Class  A  exit  with  emergency  release  pro¬ 
visions  and  a  Class  C  exit  will  be  more  realistic  and  satisfy  the  emergency 
exit  requirements. 

In  addition  to  the  minimum  number  of  exits,  additional  exits  may  be  required 
depending  on  the  maximum  number  of  personnel  carried  In  the  passenger/troop 
cabin.  Class  C  exits  at  a  ratio  of  at  least  one  exit  for  every  10  persons 
expected  to  occupy  the  section  should  be  provided.  An  additional  exit  in 


excess  of  the  l-to-10  ratio  should  be  provided  when  the  specified  capacity  of 
the  section  is  not  evenly  divisible  by  10  (e.g,,  if  the  capacity  is  21,  three 
exits  are  required).  The  requirement,  for  the  passenger/exit  ratio  of  l-to-10 
is  based  upon  the  possibility  that  at  least  50  percent  of  the  exits  may  be 
blocked  if  the  aircraft  conies  to  rest  on  its  side.  This  would  then  leave  a 
20-to-l  ratio,  assuming  that  both  s*des  of  the  aircraft  have  an  equal  number 
of  exits.  A  20-to-l  ratio  is,  from  a  theoretical  point  of  view,  considered 
adequate  to  evacuate  all  occupants  within  30  sec  at  the  exit  rate  of  1.5  sec 
per  person  (assuming  no  troop  debilitation  and  all  exits  open).  However,  at 
least  two  exits  must  be  provided  ever  if  the  number  of  occupants  is  less 
than  10. 


The  exit  requirements  cited  above  also  aro  applicable  to  cargo  compartments 
if  the  compartments  have  a  dual  capability  for  troop  transport. 


7.2.5  Location  of  Exits 


7.2. 5.1  Side  Exits.  Exits  intended  for  emergency  use  should  be  equally 
divided  on  each  side  of  the  aircraft  and,  if  feasible,  should  not  be  directly 
opposite  each  other.  The  primary  reason  for  dividing  emergency  exits  equally 
on  both  sides  of  the  fuselage  is  that  an  alternate  means  of  escape  is  pro¬ 
vided  if,  for  any  reason,  the  exits  on  one  side  become  blocked.  Exits  should 
not  be  located  directly  opposite  each  other  because  of  the  probability  of 
crowding  in  one  particular  area  when  both  sides  of  the  aircraft  may  be  used 
for  evacuation.  By  staggering  the  exits,  the  tendency  to  crowd  up  is  dimin¬ 
ished. 


Exits  should  not  be  located  high  up  on  the  sidewall  for  ease  of  egress  and  to 
minimize  the  drop  height  after  egress.  However,  since  any  aircraft  may  be 
operated  over  water,  at  least  one  emergency  exit  on  each  side  of  the  fuselage 
should  be  well  above  the  anticipated  waterline  under  the  most  adverse  condi¬ 
tions  expected  Immediately  after  a  ditching. 

7. 2. 5. 2  Other  Exits.  In  aircraft  where  the  width  of  the  crew  and  troop 
compartments  is  too  great  to  permit  easy  access  to  fuselage  up-side  exits  if 
the  aircraft  comes  to  rest  on  its  side  following  an  accident,  Class  Coverhead 
exits  should  be  provided  at  a  ratio  of  one  exit  for  every  20  occupants. 

Wh.jre  the  capacity  of  the  compartment  is  less  than  20,  at  least  one  Class  C 
exit  should  be  present.  These  overhead  exits  are  In  addition  to  the  normal 
requirements  for  Class  C  exits. 

When  an  aircraft  comes  to  rest  on  Its  side,  blocking  the  exits  on  that  side, 
the  exits  on  the  other  side  of  the  aircraft  could  be  the  only  means  of  evacua¬ 
tion.  These  exits,  now  on  the  topside  of  the  rolled  aircraft,  may  be  useless 
If  the  width  of  the  fuselage  is  such  that  they  cannot  be  reached  easily.  In 
an  aircraft  resting  on  its  side,  overhead  exits  would  be  more  accessible  than 
the  normal  up-side  exits.  A  fuselage  width  of  5  ft  or  more  between  side 
exits  Is  considered  too  great  to  permit  easy  access  to  up-side  exits  by 
troops  with  minor  debilitating  injuries  following  a  crash. 

In  helicopters  with  engines,  transmissions,  major  controls,  etc.,  located 
over  personnel  compartments,  bottom  or  fore  and/or  aft  exits  may  be  sub¬ 
stituted  for  the  overhead  exits.  For  example,  in  aircraft  with  rear  loading, 
an  emergency  exit  window  may  be  installed  in  the  closure  doors.  Alterna¬ 
tively,  side  exits  may  be  located  where  Interior  aircraft  components,  such  as 
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seats  and  consoles,  can  be  used  as  steps  to  gain  access  to  the  upside 
exits.  If  this  type  of  arrangement  is  used,  the  designer  must  ensure  that 
these  components  will  maintain  their  structural  integrity  and  attachment  to 
the  aircraft  during  a  survivable  crash.  Such  component-steps  must  be  able  to 
support  a  3001b  occupant  to  accommodate  fully  equipped  95th-percentile  crew 
members  and  troops. 

If  the  aircraft  has  a  high-wing  arrangement,  overhead  exits  should  be  pro¬ 
vided  to  facilitate  escape  following  ditching.  These  overhead  exits  will  be 
in  addition  to  the  normal  requirements  for  emergency  exits.  Overhead  exits 
constitute  the  only  practical  means  of  escape  in  a  rapidly  sinking  aircraft 
of  this  type  because  the  occupiable  portion  of  the  fuselage  in  high-wing 
aircraft  sinks  below  the  surface  of  the  water  rapidly  following  a  ditching. 
The  opening  of  side  exits  causes  flooding  of  the  interior  at  a  high  rate, 
decreasing  escape  time. 

7, 2. 5. 3  Exit  Location  Relative  to  Fuselage  Distortion.  To  provide  maxi¬ 
mum  accessibility  to  aircraft  occupants  following  a  crash,  emergency  exits 
should  be  located  in  areas  least  vulnerable  to  distortion.  Insofar  as  it  is 
feasible,  exits  should  not  be  located  in  close  proximity  to  the  main  landing 
gear  because  of  the  possibility  of  the  gears  being  driven  upward  and/or  in¬ 
ward  against  tne  aircraft,  causing  a  blocked  or  jammed  exit.  Exits  should 
not  be  located  under  heavy  components  mounted  on  the  top  of  the  fuselage, 
such  as  engines  and  transmissions,  because  of  the  possibility  of  fuselage 
distortion  in  crashes  where  high  vertical  forces  are  present.  In  high-wing 
aircraft,  a  crash  landing  is  likely  to  cause  structural  deformation  below  the 
wing;  therefore,  exits  located  under  the  wing  should  be  avoided  as  much  as 
possible. 


7. 2. 5. 4  Exit  Location  Relative  to  Obstructions.  Class  C  exits  should  be 
located  where  it  will  not  be  necessary  to  move  equipment,  cargo,  or  furnish¬ 
ings  to  gain  access  to  them.  Insofar  as  it  is  feasible,  all  exits  that  might 
be  used  in  emergencies  should  be  located  where  external  components  such  as 
propellers,  turbine  engine  inlets,  turrets,  armament,  and  tail  surfaces  will 
not  interfere  with  occupant  escape. 
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7. 2.5.5  Exit  Locations  Relative  to  Ignition  Sources, 
located  as  far  as  possible  from  fuel  spillage  areas  and  from  major  ignition 
sources  (e,g„,  exhaust  stacks,  hot  engine  parts).  Where  the  occupiable  por¬ 
tion  of  the  aircraft  is  mainly  aft  of  the  power  units  and  fuel  tanks,  it  is 
desirable  to  locate  at  least  one  Class  A  or  B  exit  with  an  emergency  jettison 
feature  as  far  aft  as  possible.  In  the  case  of  rear-mounted  engines,  an  A- 
or  B-type  exit  should  be  as  far  forward  as  possible.  Such  an  arrangement  may 
increase  escape  time  in  the  event  of  a  postcrash  fire. 


7.2.6  Exit  Operation 

7.2.6. 1  Exit  Operational  Design.  The  method  of  emergency  exit  operation 
should  be  simple,  obvious,  and  natural  to  all  personnel  expected  to  be  aboard 
the  aircraft.  Exit  operation  also  should  be  as  rapid  as  possible.  There¬ 
fore,  exits  intended  for  emergency  use  should  be  designed  so  that  no  secon¬ 
dary  operation  such  as  moving  or  unlocking  locks,  catches,  stops,  bolts,  or 
bars  is  necessary.  (Such  a  requirement  does  not  preclude  the  use  of  easily 
removable  protective  covers  intended  to  prevent  inadvertent  actuation  of  exit 
release  handles.)  Emergency  exit  operations  by  rescue  personnel  from  outside 
should  meet  the  same  requirements  even  when  wearing  thick,  heavy  gloves. 
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If  aircraft  security  requires  that  all  doors  and  exits  be  locked,  it  is 
acceptable  that  emergency  releases  may  also  be  locked  by  the  same  mechanisms 
so  long  as  the  aircraft  is  flown  with  them  unlocked. 

An  emergency  exit  should  be  capable  of  being  completely  opened  within  5  sec. 
The  time  requirement  of  5  sec  to  remove  the  exit  closure  (window,  door, 
hatch,  etc.)  from  its  opening  is  based  upon  the  need  for  all  possible  haste 
in  evacuating  burning  aircraft  and  a  realistic  estimate  of  the  time-motion 
requirements  for  actuating  a  simple,  continuous-motion  release  mechanism 
without  secondary  operations.  The  measurement  of  time  should  begin  when  the 
operator  places  his  hand  or.  the  release  handle  and  end  when  the  exit  closure 
is  free  and  clear  of  the  exit  opening. 

Only  the  single  operation  of  pulling  or  pushing  the  exit  closure  into  the 
clear  should  be  necessary,  once  the  release  handle  has  been  actuated.  Unless 
the  aircraft  is  pressurized,  all  emergency  exit  closures  should  be  arranged 
to  fall  free  when  the  emergency  release  mechanism  is  actuated.  To  remove  the 
exit  closure  inward  would  add  to  the  congestion  and  impede  escape.  In  a  pres¬ 
surized  aircraft,  exit  closures  must  be  removed  inwardly,  but,  if  at  all  pos¬ 
sible,  the  closure  should  then  be  canted  at  an  angle  and  pushed  out  the  exit 
opening  in  order  to  avoid  congestion  inside  the  aircraft. 

Emergency  exits  should  be  designed  to  permit  removal  of  the  exit  closure  when 
seal  vulcanization  occurs,  when  the  fuselage  is  covered  with  ice  accumulated 
in  flight,  and  when  minor  fuselage  deformation  occurs.  A  peripheral  clear¬ 
ance  of  at  least  0.20  in.  provided  between  the  exit  closure  and  its  frame 
will  help  accomplish  this  goai. 

The  0.20  in.  specified  should  be  considered  the  minimum  clearance  between  the 
exit  closure  and  its  frame.  It  is  probable  that  some  aircraft  with  rela¬ 
tively  light  fuselage  construction  could  use  more  than  0.20-in.  clearance  in 
this  area,  since  greater  fuselage  distortion  in  such  aircraft  is  likely  when 
a  crash  occurs.  With  a  0.20-in.  peripheral  clearance,  the  exit  frame  could 
theoretically  deform  inward  for  0.40  in.  on  any  one  of  its  four  sides  before 
binding  occurs. 


Consideration  also  should  be  given  to  designs  that  cause  the  exit  closure  to 
eject  itself  from  its  frame  when  large  structural  deformation  due  to  impact 
occurs.  This  type  of  design  is  particularly  appropriate  for  the  simple 
Class  C  type  of  exit  that  contains  no  release  mechanism  but  needs  only  to  be 
pushed  out  of  its  mountings  to  open. 


The  use  of  Class  A  and  B  exits  that  slide  to  open  is  probably  unavoidable  on 
certain  types  of  aircraft.  Careful  design  is  required  on  these  types  of 
exits  intended  for  emergency  evacuation.  Fuselage  distortion,  which  may 
cause  the  exit  to  bind  on  the  tracks  attached  to  the  fuselage,  should  not 
prevent  jettisoning  of  the  door  or  the  window  within  it.  Also,  consideration 
should  be  given  to  making  the  entire  exit  jettisonable  outward  without  any 
sliding. 


7. 2. 6. 2  Release  Mechanism  Design.  The  exit  release  mechanism  is  the  pri¬ 
mary  handle,  lever,  or  latch  used  to  open  the  emergency  exit  closure.  Han¬ 
dles  may  be  of  the  T-  or  L-shaped  design  that  turns,  the  D-ring  type  that 
pulls,  or  the  lever  type  that  slides  fore  and  aft.  However,  the  number  of 
different  types ‘of  handles  in  the  aircraft  should  be  held  to  a  minimum.  It 
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is  recognized  that  some  types  of  emergency  exits  will  not  use  exit  release 
handles.  One  common  type  of  exit  uses  a  release  method  whereby  a  panel  held 
by  a  flexible  mounting  is  simply  pushed  out.  All  quick-release  mechanisms, 
regardless  of  their  design,  should  be  inherently  jam-proof  and  extremely 
corrosion  resistant. 


The  method  of  operation  of  the  exit  release  mechanism  should  be  simple,  ob¬ 
vious,  and  natural  to  the  operator.  In  order  to  facilitate  rapid  emergency 
egress,  exit  release  mechanisms  should  be  designed  to  permit  release  handle 
actuation  and  exit  opening  by  one  person  using  one  hand.  The  Air  Force  spec¬ 
ifies  an  actuation/operating  force  of  10  to  30  lb  to  meet  this  requirement 
(Reference  127).  Release  and  opening  mechanisms  also  should  allow  all  exits 
to  be  removed  successfully  in  an  emergency  when  the  aircraft  is  in  other  than 
an  upright  position. 

The  shape  and  direction  of  operation  of  exit  release  handles  should  conform 
to  the  "form  follows  function"  rule,  where  the  releasing  action  is  most 
natural  to  the  position  of  the  operator  initiating  the  action.  According  to 
McFadden  and  Swearingen,  "In  general,  the  best  position  for  applying  force  to 
a  handle  is  one  in  which  a  subject  can  use  his  legs  and  lift.  The  next  best 
is  in  pushing  down  and  using  body  weight.  The  least  effective  method  is  the 
employment  of  an  over  or  under  motion.  The  under  motion  is  slightly  super¬ 
ior."  (Reference  128). 
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•  T-  or  L-Shaoed  Emergency  Release  Handles:  Internal  emergency  release 
handles  with  a  T-  or  an  L-shaped  design  should  be  capable  of  actuat¬ 
ing  the  release  mechanism  in  both  clockwise  and  counterclockwise 
directions.  The  arc  of  rotation  in  this  case  should  not  exceed 

90  degrees.  If  only  one  direction  of  handle  rotation  is  permitted, 
rotation  should  be  counterclockwise  and  the  arc  of  rotation  should 
not  exceed  180  degrees.  Stops  that  prevent  rotation  in  the  wrong 
direction  should  be  provided.  Harking  to  show  rotation  direction 
and  distance  should  be  Incorporated  if  possible. 

•  D-Rlnu  Type  Emergency  Release  Handles:  If  the  release  handle  is  a 
D-ring  type  that  requires  pulling  for  release  action,  the  grip  of 
the  D-shaped  handle  should  be  parallel  to  the  aircraft's  vertical 
axis  for  side  exits  and  parallel  to  the  aircraft's  longitudinal  axis 
for  overhead  exits.  The  direction  of  pull  should  be  toward  the 
operator  in  the  same  straight  line  as  the  natural  position  of  the 
extended  forearm  holding  the  handle  prior  to  release  action. 


•  Leyer-Tvpe  Emergency  Release  Handles:  Internal  emergency  release 
handles  incorporating  a  lever  or  bar  that  slides  fore  and  aft  along 
the  x  axis  of  the  aircraft  should  be  capable  of  opening  the  exit  in 
both  directions. 


Exit  release  mechanisms  should  be  designed  so  that  the  entire  operation  of 
the  release  handle  is  a  continuous  motion  from  start  to  finish  without  sharp 
changes  in  direction  except  for  external  installations  where  the  release 
handle  must  be  pulled  from  countersunk  recesses  before  actuation.  In  any 
type  of  release  handle,  the  final  motion  of  the  handle  should  contribute  to 
the  opening  of  the  exit. 
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Release  handle  shapes  and  dimensions  should  be  designed  for  normal  hand  grip 
limitations  and  incorporate  handle-to-hand  contact  areas  that  ensure  adequate 
load  applications  to  the  handle.  Release  handles  on  external  installations 
should  provide  clearance  to  allow  gripping  of  the  handle  with  gloved  hands, 
since  rescue  crews  normally  wear  heavy  gloves  to  protect  hands  from  jagged 
and  hot  metal  surfaces.  Standard  fire  fighter's  asbestos  gloves  should  be 
used  for  testing.  The  release  handle  should  be  mounted  on  the  exit  closure 
itself  or  immediately  adjacent  to  the  exit  opening  so  that  it  is  readily 
accessible  to  any  occupant  attempting  to  use  that  exit.  If  the  external  re¬ 
lease  handle  is  not  on  the  closure  but  adjacent  to  it,  then  a  separate  handle 
should  be  provided  for  removal  for  the  enclosure  by  the  rescuer.  Remote  exit 
release  mechanisms  should  be  avoided.  The  release  handles  on  the  exit 
closure  or  on  the  adjacent  airframe  should  not  be  located  in  a  position  that 
would  allow  the  handle  to  snag  clothing  or  impede  escape  through  the  exit 
opening  even  if  the  exit  is,  for  some  reason,  limited  to  partial  opening. 
Similarly,  the  exit,  actuating  mechanism  should  be  designed  so  v  j.t  the  final 
position  of  the  release  handle  upon  opening  will  not  obstruct  the  removal  of 
the  exit  closure. 


Emergency  exit  release  handles  in  cockpits  and  troop  compartments  should  be 
located  where  it  is  not  necessary  for  crew  members  to  unlock  their  shoulder 
harnesses  in  order  to  operate  the  handles.  This  is  very  important  in  cock¬ 
pits  and  at  crew-chief  or  special  crew  stations,  primarily  because  it  is 
sometimes  desirable  to  release  emergency  exits  just  prior  to  crash  impacts. 
This  is  especially  true  for  ditching.  If  a  shoulder  harness  has  to  be  un- 
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e  exit,  there  may  be  insufficient  time  available  to 


relock  it  before  impact.  This  requirement  also  is  applicable  to  those  emer¬ 
gency  exits  that  are  adjacent  to  certain  seats  in  the  passenger/troop  com¬ 
partment  since  these  exits  could  be  difficult  to  open  if  the  aircraft  rolls 
on  its  side.  This,  however,  should  not  be  construed  as  a  recommendation  to 
remove  exits  prior  to  crash  impact  in  every  case.  The  openings  of  such  exits 
can  sometimes  critically  reduce  the  time  otherwise  available  for  occupants  to 
escape,  since  fire  can  develop  on  the  outside,  causing  flash  fires  within  the 
compartment.  As  a  general  rule,  the  chances  of  surviving  a  crash  involving 
fire  are  less  if  doors  and  exits  are  open  prior  to  impact. 


Exit  release  mechanism  mechanical  strength  from  handle  to  latch  or  pin  should 
be  1.5  times  greater  than  the  maximum  force  that  can  be  exerted  by  the  95th- 
percentile  male  in  the  operating  directions  (opened  and  closed).  If  binding 
of  the  latch  occurs  it  should  not  be  possible  to  break  the  internal  or  exter¬ 
nal  mechanical  elements  by  handle  input  forces. 


A  detailed  task  analysis  of  the  individual  steps  in  emergency  egress  should 
be  performed  for  both  the  95th-percentile  combat  equipped  passenger  and  the 
5th-perc.entile  female  passenger,  to  insure  that  no  task  requires  excessive 
forces  or  too  restrictive  a  working  area  (Reference  128). 

Accidental  release  of  exits  in  flight  can  be  extremely  dangerous  in  rotary¬ 
wing  aircraft.  Exits  that  have  been  released  in  flight  have  been  known  to 
fly  into  the  main  or  tail  rotor  system,  causing  disintegration  of  the  system 
and  subsequent  loss  of  the  aircraft  and  crew.  An  unguarded  or  unshielded 
exit  release  handle  can  make  a  convenient  hand-hold  for  inexperienced  troops. 
Therefore,  release  mechanisms  should  be  designed  so  that  improper  or  incom¬ 
plete  closing  of  the  exit  will  be  obvious.  On  both  external  and  internal 
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installations,  a  locked-position  indicator,  such  as  a  detent  to  indicate  posi¬ 
tive  locking,  should  be  provided. 


In  the  event  that  crash  victims  become  trapped  in  the  aircraft  or  become 
otherwise  unable  to  escape  without  help,  it  is  essential  that  all  emergency 
exits  be  capable  of  being  opened  by  rescue  personnel  from  the  outside  of  the 
aircraft.  The  actuation  of  an  internal  release  handle  must  not  preclude  the 
simultaneous  actuation  of  an  external  release  handle.  If  "push  out"  type 
Class  C  exits  are  provided,  they  should  be  as  easy  to  open  from  the  outside 
as  from  the  inside.  It  is  strongly  recommended  that  rescuers  have  the  capa¬ 
bility  of  opening  exits  without  having  to  pivot  the  exits  on  hinges,  such  as 
with  outwardly  opening  doors.  Outwardly  swinging  exits  become  useless  if, 
for  some  reason,  obstruction  (such  as  the  ground)  prevent  them  from  opening 
far  enough  to  allow  egress.  Being  able  to  remove  the  hinge  pins  with  an  exter¬ 
nally  mounted  handle  is  one  way  of  satisfying  this  requirement.  Means  to 
prevent  icing  of  the  outside  release  and  handle  mountings  should  be  provided 
to  ensure  positive  operation  under  adverse  weather  conditions. 


If  the  cockpit  enclosure  consists  of  a  canopy  that  slides  back  and  forth  or 
opens  on  hinges  in  a  clamshell  fashion,  an  emergency  jettison  feature  can  pro¬ 
vide  rapid  egress  for  the  crew.  The  jettison  mechanism  should  allow  complete 
removal  of  the  enclosure  from  its  mounting  within  5  sec  from  the  time  that 
mechanical  action  is  initiated.  In  addition  to  the  internal  jettison  re¬ 
lease,  external  canopy  jettison  controls  should  be  provided  on  both  sides  of 
the  fuselage.  The  canopy  jettison  feature  does  not  eliminate  the  necessity 
for  additional  emergency  exits  since  the  postcrash  aircraft  attitude  might 
preclude  successful  jettisoning  of  the  canopy. 


7.2.7  Explosively  Created  Exits 

Explosive  systems  have  been  developed  and  successfully  used  to  provide  quick¬ 
opening  emergency  exits  in  military  aircraft.  These  systems  can  cut  emergency 
exits  through  existing  doors  and  windows  and  through  fuselage  structures. 

The  systems  provide  the  advantages  of  extremely  rapid  release  times,  simpli¬ 
city  of  operation,  and  immunity  to  jamming  by  structural  deformation,  ice,  or 
seal  vulcanization.  The  following  sections  discuss  factors  that  must  be  con¬ 
sidered  during  the  design  of  an  effective  and  operationally  safe  explosive 
exit  system. 


7. 2. 7.1  Overall  System  Design.  An  explosively  operated  exit  system  con¬ 
tains  four  basic  components  or  subsystems:  (1)  an  arming/firing  system,  (2) 
primer  arid/or  detonating  cord,  (3)  a  linear  shaped  cutting  charge,  and  (4)  an 
actuation  mechanism.  The  relationship  of  these  components  to  each  other  can 
best  be  illustrated  by  considering  the  design  of  an  actual  system--in  this 
case,  the  Emergency  Lifesaving  Instant  Exit  (ELSIE)  System  developed  for  the 
U.S.  Air  Force  (Reference  129). 


The  ELSIE  system  is  composed  of  an  electromechanical  safe/arm  mechanism, 
dual -shielded  mild  detonating  cord  lines,  a  flexible  linear-shaped  cutting 
charge,  and  interior  and  exterior  initiation  handles  attached  to  firing  lan¬ 
yards.  The  relationship  of  the  components  is  shown  schematically  in  Fig¬ 
ure  80.  The  safe/arm  mechanism  requires  only  momentary  application  of  power 
to  arm  or  disarm.  The  system  remains  armed  or  disarmed,  even  if  power  is 
lost,  since  the  mechanism  is  mechanically  locked  in  position.  Once  the 
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FIGURE  80.  SCHEMATIC  OF  ELSIE  SYSTEM. 


system  has  been  armed,  it  can  be  actuated  either  from  inside  or  outside  the 
aircraft  by  pulling  the  handle  in  either  location.  The  handles  operate  a 
mechanical  striker  that  fires  the  dual  detonating  cord  lines.  These  redun¬ 
dant  lines,  in  turn,  initiate  the  shaped  charge  that  cuts  the  egress  opening 
in  the  aircraft  and  ejects  the  cut  panel  outward.  Tests  on  the  ELSIE  system 
show  that  the  elapsed  time  from  pulling  the  initiation  handle  until  the 
egress  opening  is  available  for  use  is  less  than  0.027  sec. 

7. 2. 7. 2  Armlng/Flrlng  System.  The  arming/firing  system  should  be  designed 
for  simple  and  rapid  actuation  of  the  explosive  system  and  yet  provide  maxi¬ 
mum  safety  against  inadvertent  actuation.  Operational  safety  should  be 
assured  by  preventing  inadvertent  actuation  due  to  environmental  conditions, 
system  component  failures,  or  human  error. 

To  provide  maximum  operational  safety,  arming  and  firing  should  be  accom¬ 
plished  in  two  separate  and  deliberate  actions.  The  arming  function  always 
should  be  under  the  control  of  the  flight  crew.  Thus,  the  arming  mechanism 
should  be  located  only  in  the  cockpit  and  at  the  crew  chief's  station.  If 
cockpit  enclosures  with  tandem  crew  positions  are  used,  each  crew  member 
should  be  provided  with  an  arming  mechanism  unless  the  two  positions  are 
mutually  accessible.  System  status  indicators  should  be  provided  at  all 
pertinent  flight  crev  stations. 
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Once  armed,  the  system  should  De  capable  of  being  fired  by  any  of  the  air¬ 
craft  occupants.  Each  exit  should  be  capable  of  being  actuated  independently 
from  the  rest  since  it  is  not  always  desirable  to  open  all  available  emer¬ 
gency  exits,  especially  in  case  of  a  postcrash  fire  or  a  ditching.  A  firing 
mechanise  should,  therefore,  be  located  immediately  adjacent  to  each  exit  for 
actuation  of  that  particular  exit  only.  This  means  the  arming  and  firing 
mechanisms  will,  of  necessity,  be  physically  separated  from  each  other.  An 
exception  to  this  practice  might  be  acceptable  when  the  exits  are  located 
quite  near  each  other,  as  in  tandem  cockpit  configurations.  Then  the  adja¬ 
cent  exits  could  be  fired  simultaneously  from  one  firing  mechanism,  although 
a  firing  mechanism  should  still  be  available  to  each  crew  member. 

Once  the  system  is  armed,  it  should  stay  armed  until  it  is  disarmed  by  a  crew 
member  or  rescuer.  The  reverse  also  is  true;  once  the  arming  mechanism  is  in 
a  disarm,  or  safe,  position,  it  should  remain  that  way  until  a  deliberate 
aiming  action  is  initiated.  Any  type  of  system  or  component  failure  must  not 
change  the  position  of  the  safe/arm  mechanism.  For  instance,  if  arming  is 
accomplished  by  electrical  power,  loss  of  power  should  not  allow  the  mecha¬ 
nism  to  switch  from  arm  to  safe  or  vice  versa.  The  mechanism  also  should  be 
immune  to  any  environmental  or  crash  load  input.  Disarming  capability  should 
be  provided  to  permit  safing  the  system  even  though  normal  safing  modes  are 
inoperable  following  a  crash. 

In  order  to  provide  the  highest  degree  of  both  operational  and  crash  safety, 
the  firing  mechanism  snould  be  independent  of  any  external  energy  source, 
such  as  the  aircraft  electrical  system.  This  requirement  dictates  that  the 
firing  mechanism  be  manually  operated.  The  design  considerations  for  emer¬ 
gency  exit  release  mechanisms  discussed  in  Section  7. 2. 6. 2  also  apply  to  ; he 
firing  handles  used  in  explosive  exit  systems.  In  addition  to  those  consider¬ 
ations,  the  external  release  handle  should  be  designed  to  allow  rescue  person¬ 
nel  sufficient  separation  from  the  aircraft  before  actuation  to  prevent  their 
being  struck  by  debris  when  the  exit  is  opened.  It  is  also  strongly  recom¬ 
mended  that  all  arming  mechanisms  and  firing  handles  be  completely  separated 
from  each  oxher,  even  in  those  cases  where  it  might  seem  feasible  to  combine 
them  (e.y.,  pilot's  crew  station).  If  the  arming  and  firing  mechanisms  are 
combined  into  one  package,  it  is  essential  that  the  operations  of  arming  and 
firing  be  distinctly  separate  from  each  other,  such  as  turning  the  handle  to 
arm  and  pulling  the  handle  to  fire. 


7.2«7.3  Explosive  System.  All  explosives  used  ^n  the  exit  system  should 
possess  as  high  a  thermal  limit  as  possible,  not  only  to  ensure  that  the 
system  is  safe  in  high-temperature  operating  environments  but  also  to  provide 
as  much  safety  as  possible  in  case  of  a  postcrash  fire.  The  system  should  be 
able  to  function  when  exposed  to  temperatures  up  to  the  limits  of  human  toler¬ 
ance  to  heat  (approx .mately  400  °F,  based  on  ambient  air  temperature),  yet 
not  function  inadvertently  during  brief  exposure  (30-60  sec)  to  postcrash 
fires.  The  latter  repuirement  is  necessary  to  prevent  flames  coming  through 


an  unintentionally  opened  exit  of  an  occupied  aircraft.  The  thermal  limits 
of  the  explosives  used  in  the  ELSIE  system,  which  meet  the  above  require¬ 
ments,  are  below. 


Explosive 


Thermal  Limit  (°F) 


HNS  (22',  44',  66'  hexanitrostilbene)  618 
Lead  azide  635 
M-426  primer  425 


The  linear-shaped  charge  should  be  held  securely  in  position  against  the  air¬ 
craft  structure  it  is  to  cut.  The  size  of  the  exit  opening  should  conform  to 
Class  C  requirements  given  in  Section  7.2.3.  The  jettisonable  section  should 
be  ejected  outward  to  preclude  its  obstructing  the  exit  opening.  Energy¬ 
absorbing  backup  material  should  be  placed  behind  the  shaped  charge  to  con¬ 
trol  the  backblast  of  the  explosive  and  prevent  fragments  from  entering  the 
cockpit  or  cabin  (refer  to  Figure  80). 

The  explosive  system  should  be  designed  to  minimize  the  possibility  of  system 
actuation  igniting  any  fuel  that  might  be  spilled  during  a  crash.  The  amount 
and  duration  of  any  exposed  flame  should  be  minimal.  The  ELSIE  system  suc¬ 
cessfully  functioned  during  a  series  of  fuel  spray  tests  without  igniting  the 
fuel  because  the  explosive  charge  was  designed  to  penetrate  only  90  percent 
of  the  aircraft  skin  thickness.  The  remaining  10  percent  was  severed  by  the 
pressure  created  by  the  detonation  of  the  shaped  charge  and  the  momentum 
already  imparted  to  the  jettisonable  section.  This  design  allowed  the  com¬ 
bustion  products  around  the  periphery  of  the  cut  to  cool  significantly  before 
the  metal  skin  was  completely  severed.  Because  of  this,  the  only  flames 
exterior  to  the  aircraft  skin  were  at  the  initiation  points  of  the  shaped 
charge  and  lasted  less  than  10  msec  for  most  of  the  tests. 

7.2.8  AC££££  t0  .Exits 
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Access  from  aisles  to  all  exits  should  be  pro¬ 


vided  so  that  the  exits  will  not  be  obstructed  by  troop  seat  components,  seat 
back  webbing  and  webbing  support  bars,  litter  installations,  or  other  protru¬ 
sions  to  an  extent  that  would  reduce  the  effectiveness  of  the  exit. 


A  common  problem  with  troop-carrying  aircraft  is  that,  in  order  to  carry  the 
maximum  number  of  troops,  some  emergency  exits  are  blocked  by  the  installa¬ 
tion  of  troop  seat  back  webbing  and  webbing  support  bars.  These  components 
are  normally  designed  to  be  pulled  away  from  the  emergency  exit  ip  order  to 
provide  access.  It  is  desirable,  of  course,  to  avoid  obstructing  exits,  but 
if  it  is  necessary  to  do  so,  seat  backs  or  other  potential  obstructions 
should  be  readily  collapsible  or  movable  to  provide  access  to  exits  during  an 
emergency  evacuation. 

7. 2. 8. 2  Aisle  Widths.  The  width  of  aisles  at  any  point  between  seat 
rows  should  be  sufficient  to  allow  unobstructed  movement  of  95th-percentile 
troops  with  full  combat  equipment.  Current  criteria  suggest  a  minimum  width 
of  17  in.  In  aircraft  where  it  is  necessary  to  pass  through  seat  rows  to 
gain  access  to  exits  during  an  emergency,  longitudinal  spacing  between  seat 
rows  should  be  sufficient  to  permit  these  troops  to  move  at  a  rate  consistent 
with  the  capacity  of  the  exit  (1.5  sec  per  person  or  less). 
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7. 2. 8. 3  Compartment  Doors.  Doors  on  hatches  separating  various  interior 
compartments  should  be  located  and  have  a  direction  of  opening  so  as  not  to 
impede  or  block  passage  to  other  exits  or  interfere  with  the  use  of  emergency 
equipment  such  as  axes  and  fire  extinguishers. 

The  doors  or  hatches  should  be  large  enough  to  permit  crew  and  troop  movement 
from  one  compartment  to  another  during  emergency  evacuation.  The  openings 
should  have  no  protrusions  that  would  impede  movement  through  them.  Provi¬ 
sions  should  be  made  for  securing  compartment  doors  in  the  open  position  dur¬ 
ing  takeoff  and  landing.  Such  doors  should  be  capable  of  remaining  open  and 
latched  when  exposed  to  crash  forces  of  survivable  magnitude. 

Compartment  doors  should  have  release  handles  designed  so  that  the  method  of 
operation  is  a  single,  obvious,  and  natural  motion  in  a  single  plane.  Round 
or  spherical  handles  or  knobs  should  unlatch  when  gripped  and  turned  in 
either  direction.  The  handles  should  not  snag  on  clothing  or  equipment. 

7.3  EMERGENCY  LIGHTING 

Emergency  lighting  provides  the  illumination  required  for  emergency  evacua¬ 
tion  and  rescue  when  the  normal  aircraft  lighting  is  not  available.  There 
are  three  basic  types  of  emergency  lighting:  (1)  interior  lighting  for  per¬ 
sonnel  orientation  following  aircraft  accidents  at  night,  (2)  lighting  for 
the  purpose  of  reading  exit  operating  instructions  and  releasing  the  exits, 
and  (3)  exterior  lighting  to  illuminate  exits  and  paths  of  escape. 

7.3.1  Interior  Emergency  Lighting 

When  an  aircraft  crashes  at  night  or  is  filled  with  dust  or  smoke,  disorien¬ 
tation  of  embarked  crew  and  troops  is  likely  to  occur.  Since  escape  time  is 
critical,  interior  emergency  lighting  units  should  be  installed  in  sufficient 
number  and  possess  adequate  brightness  to  permit  personnel  orientation  in  all 
compartments  during  emergency  evacuation  situations.  The  emergency  lighting 
should  provide  sufficient  illumination  throughout  the  cockpit  and  cabin  areas 
to  permit  occupants  to  locate  emergency  exits  and  survival  equipment,  per¬ 
ceive  escape  paths,  and  avoid  obstacles  while  moving  toward  the  exits.  This 
criteria  may  not  be  necessary  for  some  aircraft  using  overhead  canopies. 

Interior  lighting  fixtures  may  be  mounted  as  aisle,  ceiling,  or  cornice 
lights.  Regardless  of  where  the  lights  are  mounted,  they  must  furnish  ade¬ 
quate  illumination  near  floor  level  to  allow  occupants  to  see  exit  paths  and 
avoid  any  obstructions.  The  emergency  lighting  requirement  for  both  civil 
and  military  aircraft  is  a  minimum  average  illumination  in  clear  air  of 
0.05  foot-candle  (fc)  measured  20  in.  above  the  floor  (or  at  armrest  height) 
along  passageways  leading  to  each  exit  (References  130,  131,  and  132).  The 
lighting  requirement  in  front  of  each  exit  is  also  0.05  fc  at  20  in.  above 
the  floor  for  civil  helicopters  and  military  aircraft.  For  transport  cate¬ 
gory  civil  aircraft,  the  requirements  are  that  the  passageway  in  front  of  the 
emergency  exit  must  be  provided  with  Illumination  that  is  not  less  than 
0.02  fc  measured  along  a  line  that  is  within  6  in.  of  and  parallel  to  the 
floor  and  is  centered  on  the  passenger  evacuation  path  (Reference  132), 
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The  mounting  of  the  interior  lighting  systems  at  a  level  below  the  ceiling 
level  is  desirable.  A  series  of  human  subject  evacuation  tests  was  conducted 
to  compare  evacuation  rates  with  two  different  emergency  lighting  systems  in 
an  aircraft  cabin  filled  with  nontoxic  white  smoke  (Reference  133).  These 
tests  found  that  cabin  emergency  lighting  and  exit  signs  mounted  near  the 
ceiling  were  almost  completely  obscured  by  the  smoke,  which  layered  most 
heavily  in  the  upper  one-half  of  the  cabin.  During  the  evacuation  trials, 
the  subjects  tended  to  crouch  down  or  stoop  over  to  avoid  the  smoke  and  were 
looking  for  the  exit  from  just  above  seat  back  height.  It  was  found  that 
armrest-mounted  aisle  lights  led  to  less  disorientation  and  reduced  evacu¬ 
ation  time  as  compared  to  the  ceiling  lights. 

Full-scale  fire  tests  conducted  by  the  FAA  showed  that  smoke  entering  a  trans¬ 
port  cabin  from  an  external  fuel  fire  or  generated  by  burning  interior  mate¬ 
rials  will  rapidly  obscure  ceiling-mounted  lights  and  signs  and  significantly 
decrease  cabin  illumination  when  cabin  temperatures  are  still  at  a  survivable 
level  (Reference  13).  This  study  also  found  that  lowering  exit  or  cabin  il¬ 
lumination  sources  below  the  61-1/2-in.  level  significantly  increased  their 
effectiveness  in  the  smoke  environment  and  that,  under  most  smoke  conditions, 
increasing  the  luminance  of  the  lights  or  signs  did  not  substantially  in¬ 
crease  the  time  they  remained  visible.  A  test  of  new  or  prototype  lighting 
systems  showed  that  lights  located  in  the  aisle-side  armrest  of  passenger 
seats  provided  passenger  awareness,  exit  information,  and  cabin  illumination 
for  a  period  of  time  substantially  longer  than  any  of  the  ceiling-  or 
bulkhead-mounted  lights.  These  tests  also  showed  that  floor-mounted  electro¬ 
luminescent  lights  provided  the  maximum  visibility  in  smoke  for  passenger 
awareness.  Self-powered  Beta  lights  provided  aisle  outline  identification 
when  viewed  from  below  the  horizontal  smoke  layer  and  in  a  darkened  environ¬ 
ment. 

7.3.2  Emergency  Exit  Lights 


Supplementary  emergency  lighting  units  should  be  provided  at  or  near  each 
emergency  exit  with  adequate  brightness  to  permit  untrained  personnel  to 
identify  exits,  to  read  ;xit  operating  instructions,  and  to  actuate  the  exit 
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identity  and  location  of  each  emergency  exit  should  be  recognizable  under 

limited  visibility  (darkness,  smoke,  etc.)  from  a  distance  equal  to  the  width 

of  the  cabin.  * 


Exit  light  requirements  must  take  into  account,  the  fact  that  the  illumination 
at  any  distance  from  a  light  source  is  inversely  proportional  to  the  square 
of  the  distance  from  the  source.  Thus,  at  a  distance  of  5  ft,  the  brightness 
of  a  light  will  theoretically  diminish  to  only  4  percent  of  the  brightness 
measured  1  ft  from  the  source.  The  same  rapid  decrease  has  been  measured  in 
the  brightness  of  internally  illuminated  aircraft  exit  signs  during  an  FAA 
program  to  evaluate  current  exit  signs  and  markers  (Reference  134).  The 
decrease  in  average  exit  sigr,  brightness  with  increasing  distance  from  the 
signs  is  shown  graphically  in  Figure  81. 

Exit  light  effectiveness  also  is  reduced  by  the  presence  of  smoke.  Measured 
light  output,  for  all  units  tested  by  the  FAA  diminished  proportionately  in  a 
90  percent  smoke  environment,  as  shown  in  Figure  81. 
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FIGURE  81.  RELATIVE  BRIGHTNESS  OF  INTERNALLY  ILLUMINATED  AIRCRAFT 
EXIT  SIGNS  AT  VARIOUS  DISTANCES  FROM  SIGNS  (AVERAGE  OF 
10  DIFFERENT  SIGNS). 


Current  FAA  requirements  for  large  transport-category  airplane  emergency  light¬ 
ing  include  internally  or  self-illuminated  signs  at  each  exit  with  a  minimum 
luminance  (brightness)  of  at  least  25  fL  (Reference  132).  Small  (9  seats  or 
4  less)  transport  airplanes  and  transport-category  rotorcraft  need  only  have 

exit  signs  with  a  brightness  of  160  microlamberts  (0.15  fL)  (References  130 
and  132).  Although  the  above  requirements  might,  be  sufficient  in  clear  air, 
the  rapid  drop  in  brightness  due  to  the  presence  of  smoke  makes  the  suffi- 
N  ciency  of  even  the  brighter  (25  fL)  requirement  questionable. 

Most  current  transport  airplane  exit  lights  exceed  the  25  fL  requirement,  but 
lights  far  brighter  than  those  currently  used  are  available.  Figure  82  ure- 
sents  the  results  for  two  of  the  10  exit  lights  tested  by  the  FAA  (Refer¬ 
ence  134).  This  figure  shows  that,  under  all  conditions,  the  experimental 
light  was  approximately  10  times  brighter  then  the  typical  currently  used  exit 
light.  This  is  most  important  during  smoke  conditions  and  at  some  distance 
away  from  the  exit  sign.  For  instance,  at  a  6-ft.  distance  under  90  percent 
smoke,  the  current  sign  transmitted  only  0.017  fc  of  1 ight  while  the  experimen¬ 
tal  sign  transmitted  0.13  fc.  It  is  noteworthy  that  the  experimental  aircraft 
sign  is  currently  used  in  building  installations  and  uses  less  battery  power 
than  some  current  aircraft  signs.  Other  newly  developed  lights,  which  are 
much  brighter  than  current  lights,  also  are  available. 
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•  SMOKE  (801) 


DISTANCE  FROM  SIGN  (FT) 


FIGURE  82.  LIGHT  TRANSMITTANCE  OF  EXIT  SIGNS  IN  CLEAR  AIR  AND 
IN  SMOKE  AT  VARIOUS  DISTANCES  FROM  SIGN. 


Based  on  the  results  of  the  FAA  tests,  all  passenger-  or  troop-carrying  air¬ 
craft  should  contain  internally  illuminated  exit  signs  with  a  minimum  average 
brightness  of  at  least  25  fL.  However,  it  is  strongly  recommended  that  the 
exit  signs  be  even  brighter. 

Exit  lights  should  be  mounted  in  the  lower  part  of  the  cabin  to  the  extent 
possible.  Tests  have  shown  the  effectiveness  of  lowering  the  light  in  full- 
scale  fire  tests  to  get  the  light  down  below  the  upper  layering  of  smoke 
(Reference  13).  Figure  83  presents  data  from  those  tests  showing  the  in¬ 
crease  in  obscuration  time  at  various  levels  in  the  aircraft. 

The  diminishing  of  exit  light  effectiveness  when  the  aircraft  is  submerged 
has  already  been  discussed  in  Chapter  6.  Any  aircraft  whose  mission  require¬ 
ments  include  troop  transport  over  water  should  contain  exit  sign  lighting 
meeting  the  requirements  specified  in  Chapter  6. 
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FIGURE  83.  VERTICAL  LIGHT  ILLUMINATION  PROFILE 
VERSUS  OPTICAL  DENSITY. 


7.3.3  Exterior  Emergency  Lighting 

For  noncombat  missions,  exterior  emergency  lighting  should  be  considered  at 
each  exit  to  illuminate  the  ground  near  the  exit  and  areas  where  escape  and 
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intensity  on  the  ground  below  normal  and  emergency  exits  should  be  0.02  fc 
minimum  (Reference  131). 


7.3.4  Structural  Considerations 

All  emergency  lighting  units  should  be  self-contained,  explosion- proof,  oper¬ 
able  under  water,  and  accessible  for  periodic  maintenance.  All  units  should 
be  capable  of  operating  independently  of  the  main  aircraft  lighting  system. 

The  emergency  lighting  system  should  be  designed,  installed,  and  located  so 
as  to  minimize  damage  to  or  loss  of  any  portion  of  the  emergency  illumination 
as  a  result  of  ditching  or  emergency  landing.  To  ensure  structural  integrity 
and  continued  operation  after  a  crash,  the  lighting  system,  including  all  com¬ 
ponents  necessary  to  provide  the  required  illumination,  should  be  capable  of 
withstanding  the  following  crash  loads:  50  G  downward,  10  G  upward,  35  G 
forward,  15  G  aftward,  25  G  lateral.  Breakup  of  the  fuselage  should  not. 
render  any  portion  of  the  emergency  illumination  inoperative  except  for  those 
lights  directly  destroyed  by  the  break. 
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Emergency  lighting  power  sources  should  be  independent  of  the  main  electrical 
power  source  for  the  aircraft  and  should  contain  power  sufficient  to  ensure 
effective  illumination  for  a  minimum  of  15  min. 


It  is  believed  that  a  power  source  strong  enough  to  provide  at  least  15  min  of 
effective  illumination  following  a  crash  at  night  is  adequate.  If  a  postcrash 
fire  does  not  occur  within  15  min,  it  is  likely  that  one  will  not  occur  at 
all.  Personnel  who  are  stunned  or  otherwise  unable  to  evacuate  the  aircraft 
during  the  15  min  of  emergency  lighting  could,  in  all  probability,  evacuate  in 
the  darkness  if  they  were  physically  able. 

7.3.6  Actuation  of  Emergency  Lighting  Units 

Emergency  lighting  units  should  be  designed  to  actuate  both  automatically  and 
manually.  If  inadvertent  actuation  occurs,  the  unit  should  be  capable  of 
being  reset  manually. 


7.3,6. 1  Manual  Actuation.  There  are  circumstances  where  it  would  be  desir¬ 
able  to  manually  turn  on  the  emergency  lighting.  One  such  instance  would  be 
when  a  crash  was  imminent,  but  some  time  was  available  prior  to  the  crash.  By 
turning  on  the  emergency  lights  manually,  the  aircraft  occupants  would  have 
time  for  their  eyes  to  adjust  from  normal  lighting  or  darkness  to  emergency 
lighting.  This  also  would  permit  all  normal  aircraft  lighting  to  be  turned 
off  in  order  to  reduce  potential  postcrash  fire  ignition  sources.  Therefore, 
a  manual  actuating  switch  should  be  placed  in  the  cockpit,  and  another  should 
be  placed  in  the  passenger/troop  compartment  close  to  the  crew  chief's 
station. 


7. 3. 6. 2  Automatic  Actuation.  The  emergency  lighting  units  should  be  auto¬ 
matically  actuated  in  as  many  survivable  accidents  as  possible.  This  can  be 
accomplished  by  using  inertia  sensors  responsive  to  the  crash  pulse  parameters 
typical  of  lower -severity  accidents.  The  sensor  criteria  should  be  identical 
to  those  specified  for  crash  locator  beacons  (see  Chapter  8).  The  crash  sen¬ 
sors  may  be  contained  in  each  lighting  unit,  or  the  units  may  be  actuated  from 
one  or  more  common  sensors  located  remotely  from  the  lights.  The  circuits  for 
the  lights  should  be  such  that  they  will  be  energized  if  the  circuits  between 
the  lights  and  the  sensors  are  broken. 

There  may  be  circumstances,  such  as  forced  or  crash  landings  in  enemy  ter¬ 
ritory,  where  it  would  not  be  desirable  to  automatically  actuate  the  emergency 
lighting..  A  circuit  breaker  or  other  device  to  nullify  the  automatic  feature 
therefore  is  desirable.  Such  a  device  could  be  utilized  by  the  crew  upon 
entering  enemy  territory. 

7.4  mm&iM-mmsiMm 

Emergency  exits  should  be  cleaily  marked  both  inside  and  outside  the  aircraft 
so  that  occupants  and  rescuers  can  find  thorn  rapidly.  The  markings  should  be 
distinctive  to  set  them  apart,  from  the  numerous  other  markings  found  on  th  • 
aircraft.  In  addition  to  identifying  the  exits,  instructions  for  releasing 
the  exit  closures  should  be  clearly  marked  besiae  the  exit  release  mechanism. 
The  time  required  to  determine  how  to  release  the  exit  closure  could  well  mean 
the  difference  between  survival  or  nonsunnval . 


Army  requirements  for  letter  size  dictate  that,  preferably,  letters  should  be 
2  in.  high,  but  letters  not  less  than  1  in.  high  are  allowed.  It  is  strongly 
recommended  that  the  letters  be  2  in.  high.  Tests  conducted  by  the  FAA  on  the 
readabilty  of  self -illuminated  signs  obscured  by  black  fuel  fire  smoke  showed 
that  there  is  a  considerable  difference  in  the  recognition  of  signs  with  let¬ 
ter  sizes  of  2  in.  as  compared  to  1  in.  (Reference  135).  In  fact,  Figure  84, 
summarizing  these  data,  shows  that  the  visibility  of  the  signs  depended  more 
on  the  size  of  the  letters  than  it  did  on  the  luminance  levels  of  the  signs 
used. 
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FIGURE  84.  MEANS  OF  SP'i£E  DENSITY  AT  WHICH  SEVEN  SIGH  SIZES 
WERE  IDENVIFIoT  V'HEN  PRESENTED  AT  THREE  BACKGROUND 
LUMINANCE  LM..S. 


AH  U.S.  Army  aircraft  must  be  painU 1  and  marked  according  to  the  require¬ 
ments  in  TB  746-93-2  (Reference  13(} .  The  requirements  contained  therein  for 
marking  of  emergency  exits  are  summsnzed  in  the  following  sections.  The 
reader  is  referred  to  TB  740-93 -2  for  complete  details. 

7,4.1  Ir&erPEl  f  1  <, at j 

An  orange-yellow  band  should  mark  the  complete  periphery  of  toe  escape  exit  on 
olive  drab  backgrounds,  A  gloss  blacK  band  is  used  on  light  backgrounds.  The 
band  must  be  between  1  «.nd  2  In.  wide  and  divided  equally,  if  possible  and 
practicable,  between  the  mounting  of  tie  exit  and  the  exit  itself. 
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If  soundproofing  (or  lining)  covers  the  Identification  band  on  the  Inside  of 
the  aircraft,  it  also  must  be  appropriately  marked. 

The  words  EMERGENCY  EXIT,  in  orange-yellow,  should  be  marked  or  stenciled  on 
the  escape  hatch,  door,  or  exit  In  the  most  readily  visible  location.  Prefer¬ 
ably,  letters  should  be  2  In.  high,  but  they  cannot  be  less  than  1  in.  high. 

7.4.2  External _ Identification  of  Exits 

Markings  Identifying  escape  hatches,  doors,  and  exits  on  the  outside  of  air¬ 
craft  should  be  marked  gloss  yellow  on  dark  surfaces  and  gloss  black  on  light 
surfaces.  On  olive  drab  and  camouflaged  colored  aircraft,  emergency  exit  mark¬ 
ings  are  painted  with  lusterless  black  lacquer.  It  is  recommended  that  all 
exits  to  be  used  for  rescue  be  marked  with  rescue  arrows  like  those  used  by 
the  Navy  and  U.S.  Coast  Guard.  In  peacetime,  yellow  arrows  with  black  letters 
are  recommended. 


7.4.3  External  Identification  of  Secondary  Openings 

Secondary  openings,  such  as  auxiliary  exits  and  windows,  are  usually  smaller 
than  primary  openings,  making  entrance  or  exit  more  difficult.  On  noncamou- 
flaged  aircraft,  the  corners  of  the  emergency  exits  and  rescue  exit  areas  are 
outlined  with  right-angle  corner  areas  1  in.  wide  and  3  in.  long  for  each  leg 
in  gloss  black  on  light  background.  On  camouflaged  aircraft,  the  corners  of 
emergency  exits  and  rescue  exit  areas  are  outlined  with  right-angle  corner 
bands  1  in.  wide  and  3  in.  long  at  each  leg.  The  corner  markings  are  painted 
with  lusterless  black  lacquer. 

7.4.4  Marking  Instructions  fgr  Exit  Operations 


7.4.4. 1  Internal  Markings.  Small  handles  or  levers  used  to  actuate  doors 
or  hatches  should  be  Identified  by  alternate  1/8-inch-wide  orange -yellow  and 
black  stripes,  painted  on  the  background  of  the  exit.  Background  striping 
should  be  applied  at  a  15-degree  angle  from  the  vertical,  rotated  clockwise. 
The  striping  should  not  interfere  with  other  types  of  markings  or  codings. 
Large  levers  or  exit  controls  should  be  marked  with  alternate  orange-yellow 
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<tuu  uiatK  iir  ipci,  i/o  iu  i/h  men  wiue,  uiremjr  uii  trie  lever  ur  turn rui. 


7. 4. 4. 2  External  Martinos,  All  external  releases  for  operation  of  emerg¬ 
ency  exits  should  be  marked  EXIT  RELEASE  on  the  outside  of  the  aircraft  to 
facilitate  quick  identification.  Letters  preferably  should  be  2  in.  high  and 
should  not  be  less  than  1  in.  high. 


7. 4. 4. 3  Operating  Instructions  harkings.  Operating  instructions  to  ident¬ 
ify  and  explain  the  emergency  releat  '  r aeration  should  be  marked  on  the  exit 
door,  or  hatch,  or  aircraft  structur-  /hicheyer  is  nearer  the  release.  Mini¬ 
mum  lettering  heights  specified  arc  1/2  in.  Internally  and  1  in.  externally. 
Preferably,  the  descriptive  wording  should  be  1  in.  high  on  the  inside  of  the 
aircraft  and  2  in.  high  on  the  outside.  The  1/2- in.  minimum  specified  in  TB 
746-93-2  for  internal  wording  is  net  sufficient  for  easy  reading  under  reduced 
visibility  conditions,  such  as  darkness  or  the  presence  of  smoke. 


The  instructions  should  be  as  simple  and  concise  as  possible  consistent  with 
clarity  ot  meaning.  Standard  English  terminology,  such  as  PULL,  PUSH,  TURN, 
or  SLIDE,  should  be  used. 
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The  painting  and  marking  schemes  for  in-service  aircraft  contained  in 
TB  746-93-2  show  liberal  use  of  nonverbal  symbols  in  exit  operating  instruc¬ 
tions.  Symbols  are  particularly  useful  in  delineating  directions  of  motion 
for  handles,  levers,  etc.  The  use  of  symbols  in  conjunction  with  words  will 
often  lead  to  quicker  understanding  of  the  operation  to  be  performed. 

Symbols  are  invaluable  when  the  wording  cannot  be  deciphered,  as  might  be  the 
case  under  reduced  visibility  conditions,  or  when  viewed  by  non-English- 
speaking  personnel.  Thus,  although  not  stated  as  a  specific  requirement  in 
TB  746-93-2,  symbols  should  be  used  in  exit  operating  instructions  whenever 
possible.  Some  symbols  in  current  use  are  shown  in  Figure  85. 


FIGURE  85.  TYPICAL  EXIT  RELEASE  INSTRUCTIONS 
INCORPORATING  SYMBOLS. 


There  is  a  great  need  for  experienced  crew  chief  personnel  to  provide  the 
necessary  leadership  and  guidance  for  embarked  troops  during  emergency 
evacuation.  Accident  records  indicate  that  on  many  occasions  crew  chiefs 
have  been  responsible  for  successful  emergency  evacuations  of  large  numbers 
of  troops  from  aircraft  under  severe  conditions. 

At  least  one  crew  chief  station  should  be  located  in  each  troop  compartment. 
The  location  of  the  crew  chief's  station  should  provide  as  complete  surveil¬ 
lance  of  the  troop  compartment  as  is  practicable.  The  station  should  be 
located  as  near  the  main  or  emergency  exits  as  possible.  For  aircraft  re¬ 
quiring  two  crew  chiefs,  their  respective  stations  should  be  as  far  apart  as 
practicable;  e.g.,  one  in  the  forward  end  of  the  compartment  and  one  in  the 
aft  end. 
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After  a  survivable  crash  has  occurred,  rescue  time  becomes  paramount  in  deter 
mining  the  ultimate  survival  chances  of  the  occupants.  Air  Force  records 
indicate  that  the  lijr’1  expectancy  of  injured  survivors  decreases  as  much  as 
80  percent  during  th  first  24  hours  following  an  accident,  and  the  chances 
of  survival  of  uninjured  occupants  rapidly  diminishes  after  the  first  three 
days  (Reference  137).  Therefore,  the  installation  of  a  crash  locator  beacon 
in  the  aircraft  can  greatly  enhance  the  occupant's  survival  chances  by  reduc¬ 
ing  the  amount  of  time  between  crash  and  rescue.  However,  97  percent  of  all 
searches  for  crash  locator  beacons  are  for  false  alarms  and  an  unacceptably 
high  percentage  of  units  do  not  function  after  a  crash,  so  system  design  is 
critical.  The  following  sections  present  criteria  that  should  be  followed  to 
ensure  the  satisfactory  operation  of  a  crash  locator  beacon  installed  in  an 
aircraft. 


8,2  SYSTEM  OVERVIEW 


The  search  and  rescue  system  includes  both  the  aircraft-mounted  components 
and  the  ground  and  satellite  based  detection  and  localization  systems.  The 
Search  and  Rescue  Satellite  Aided  Tracking  (SARSAT)  system  is  the  primary 
detection  and  tracking  device  for  ELT  transmissions.  U.S.  satellites  receive 
and  retransmit  to  ground  stations  all  signals  received  on  121.5  and  243.0 
MHz.  It  is  necessary  that  line  of  sight  exist  between  the  ELT  and  the  satel¬ 
lite  as  well  as  between  the  satellite  and  ground  station.  For  this  reason, 
worl iwide  coverage  does  not  exist  and  detection  waiting  time  varies  with  acci 
dent  location  and  number  of  operational  satellites.  The  USSR  COSPAS  satel¬ 
lites  also  assist  on  121.5  but  not  243.0.  In  addition,  both  satellites 
monitor  406.025  MHz  and  record  and  process  this  signal  onboard  for  relay  to 
the  ground,  giving  worldwide  coverage  for  ELT's  operating  in  this  mode. 


The  satellite  motto;  is  used  to  provide  a  doppler  effect  for  position  loca¬ 
tion,  so  that  the  output  of  the  ground  station  gives  one  or  more  position 
estimut  *  of  transmitter  location,  reducing  the  time  necessary  to  localize 
the  signai  ?ouice  Tn  addition,  some  available  ELT  units  have  the  capability 
of  transmitting  their  ’ast  known  position  (from  onboard  navigation  systems) 
as  part  of  the  emergent,/  signal.  Ground  and  aircraft  monitoring  of  the 
emergency  frequencies  also  detect  some  transmissions  and  supplement  the 
spaceborne  system. 


8.3  CURRENT  SYSTEM  OESifiN  STATUS 

The  Radio  Technical  Commission  for  Aeronautics  (RTCA)  has  published  current 
civil  minimum  requirements  for  ELT  systems  in  Reference  138.  Units  produced 
under  earlier  FAA  requirements  (TSC  C91)  have  had  severe  false  alarm  prob¬ 
lems,  which  should  be  corrected  in  units  produced  under  these  later  require¬ 
ments  and  FAA  approved  under  TSO  C93 a  (Reference  139). 


Procuring  activities  should  examine  the  FAA  requirements  under  TSO  C&la  (or 
later  version)  and  evaluate  the  areas  of  compromise  which  were  necessary  for 
civil  acceptability  to  determine  if  higher  standards  would  be  appropriate  for 


their  program.  Areas  such  as  battery  life  at  low  temperature,  crash  surviv¬ 
ability,  multiple  sensors,  environmental  tests,  etc.,  may  be  appropriate 
areas  for  increased  requirements  in  military  units.  In  no  case  should  units 
produced  under  earlier  requirements  be  considered,  due  to  their  poor  record 
of  false  alarms  and  crash  survivability. 

8.3.1  Frequencies 

Civil  locator  beacons  operate  on  civil  emergency  frequency  121.5  MHz  and  mili¬ 
tary  UHF  guard  channel  243.0  MHz.  Ground  and  airborne  homing  units  are 
readily  available  to  search  for  and  localize  these  signals.  Newly  developed 
digital  systems  are  also  being  designed  to  operate  on  406.025  MHz  for  world¬ 
wide  satellite  tracking,  but  local  homing  on  these  signals  is  not  readily 
achieved.  Some  military  systems  have  been  designed  for  other  frequencies. 


All  aircraft-installed  crash  locator  beacons  contain  the  same  basic  compo¬ 
nents:  a  crash  sensor,  transmitter,  antenna(s),  power  supply,  activating 
switch,  and  associated  electrical  circuitry. 

8.3.2. 1  Crash  Sensing. 

8. 3. 2. 1.1  Crash  Impact  Conditions.  Detailed  analysis  of  accident  rec¬ 
ords  and  test  crashes  has  resulted  in  the  definition  of  crash  pulses  for 
light  fixed-wing  and  rotary-wing  aircraft.  The  sensor  specification  which 
has  been  established  for  inertial  crash  sensors  (Reference  138)  is  based  on 
data  on  normal  aircraft  vibration  conditions.  The  goal  was  to  sense  as  low  a 
crash  pulse  as  possible  while  avoiding  vibration-induced  activation.  Fig¬ 
ure  86  (from  Reference  138)  applies  to  a  sensor  which  responds  to  both 
acceleration  threshold  and  velocity  change,  such  as  a  gas-damped  spring  mass 
switch,  a  rolamite  design,  a  damped  pendulum,  or  similar  devices  which  are 
currently  available  on  the  market.  Additional  test  criteria,  such  as  cross¬ 
axis  loading,  are  Included  in  the  RIGA  specification. 

In  fixed-wing  aircraft,  these  sensors  should  be  aligned  with  the  longitudinal 
axis  of  the  aircraft  to  detect  the  majority  of  injury-producing  impacts.  For 
rotary-wing  aircraft,  several  options  are  available.  The  sensor  can  be 
mounted  30-40  degrees  nose  down,  or  an  additional  sensor  can  be  mounted  in 
the  vertical  axis  with  a  higher  activation  level  based  on  skid  or  gear  impact 
absorbing  capability.  A  damped  pendulum  switch  is  sensitive  in  360  degrees 
around  its  long  axis,  and  could  be  installed  horizontally  at  a  right  angle  to 
the  aircraft  lorgitudinal  axis,  thereby  detecting  impact  up  and  down  as  well 
as  fore  and  aft  (Reference  140) . 

F-LT's  currently  available  for  use  in  fixed-wing  aircraft  are  unidirectional 
within  a  +30°  cone  at  6  +1  G  for  11  to  16  milliseconds. 

New  generation  ELT's  are  essentially  omnidirectional,  activate  at  9  +2  G  for 
25  to  45  milliseconds  and  have  an  integral  antenna  arid  encapsulated  elec¬ 
tronics. 
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FIGURE  86.  CRASH  ACTIVATION  SEfCOR  RESPONSE  CURVF.. 


Other  types  of  sensors  have  been  evaluated,  and  some  have  seen  operational 
use.  These  are: 

1.  Frangible  switch.  These  switches  break  to  either  open  or  close  an 
electrical  circuit  when  aircraft  damage  occurs.  They  are  expensive, 
maintenance  sensitive,  and  require  multiple-switch  installations  for 
acceptable  probability  of  crash  sensing. 

2.  Acceleration  only.  These  switches  were  used  with  timing  circuits  to 
measure  the  duration  over  a  specified  acceleration  level.  Tests  and 
experience  have  shown  that  they  tend  to  bounce  open  and  close  during 
a  crash  event  and  do  not  reliably  sense  even  severe  crashes, 

3.  A  crash  sensor  specifically  for  rotary-wing  use  was  developed  in  con¬ 
nection  with  the  IBAHRS  system  (Volume  IV).  It  includes  self -test 
circuitry  (Reference  141). 

References  142  and  143  discuss  other  options  which  may  be  available  in  crash 
sensing.  The  sensor  system  must  survive  the  crash  long  enough  to  accomplish 
activation,  so  in  general  it.  should  be  tested  to  the  same  survival  criteria 
as  the  transmitter  and  antenna  systems. 
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8. 3. 2. 1.2  Sensor  Mounting.  Reference  143  is  an  in-depth  discussion  of 
Installation  and  mounting  criteria.  The  inertia  sensor  criteria  recommended 
in  the  preceding  section  are  based  on  crash  forces  present  in  survivable 
crashes.  These  are  the  forces  seen  at  the  aircraft  floor  and,  thus,  are  typi¬ 
cal  of  the  forces  transmitted  to  the  occupant  compartment.  Therefore,  the 
crash  sensor  must  be  located  in  an  area  that  will  experience  crash  forces 
representative  of  those  that  will  be  seen  in  the  occupant  compartment.  Ideal¬ 
ly,  this  is  within  the  cockpit.  Of  course,  the  sensor  must  be  protected  from 
any  impact  damage  that  could  render  it  useless  before  it  is  able  to  activate 
the  transmitter. 


8. 3. 2. 2  Transmitter.  This  unit  includes  both  the  transmitter  electron¬ 
ics  and  the  signal  generation  device.  Its  minimum  power  level  and  signal 
characteristics  are  specified  in  the  appropriate  RTCA  and  SARSAT  specifi¬ 
cations.  The  406-MHz  system  is  designed  with  a  digital  message  that  includes 
aircraft  identification  and  time  since  activation.  The  characteristic  swept 
tone  of  the  121.5/243.0  systems  may  also  be  modified  with  Morse,  digital  or 
voice  identification  as  permitted  by  the  system  specifications.  An  optimal 
system  would  include  406  MHz  for  detection  by  satellite  and  a  second  fre¬ 
quency  for  short-range  homing. 


8. 3. 2. 2.1  Survival.  The  system  is  of  no  value  if  it  is  destroyed  In  the 
crash.  The  transmitter  and  antenna  must  be  hardened  and  protected  as  well  as 
feasible.  Minimum  requirements  of  the  RTCA  documents  for  shock,  crush  and 
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matically  deployable  systems  are  available  from  some  vendors. 


3. 3. 2. 2. 2  Mounting.  In  general,  a  more  aft  location  will  provide  in¬ 
creased  protection  from  crash  forces  and  airframe  destruction.  Expected  fire 
patterns  should  also  be  considered.  Mounting  strength  should  meet  or  exceed 
the  static  attachment  strength  specified  for  auxiliary  equipment,  and  nearby 
structure  should  be  examined  for  potential  damage  sources.  Detailed  mounting 
suggestions  are  contained  in  Reference  144, 

8. 3. 2. 2. 3  Activation.  The  transmitter  should  be  capable  of  being  either 
manually  or  automatically  activated.  An  arming  switch  that  will  allow  the 
automatic  activation  capability  to  be  selected  or  not,  as  desired,  should  be 
provided.  Manual  activation  should  always  be  available  in  case  the  sensor 
malfunctions  or  unusually  low-level  accelerations  fail  to  trigger  the  sen¬ 
sor.  The  cockpit  should  be  provided  with  a  warning  light  or  sound  that  could 
alert  the  crew  to  inadvertent  transmitter  activation.  A  manual  override 
switch  should  be  provided  so  that  the  transmitter  can  be  turned  off  whenever 
desired.  Interconnect  wiring  should  not  have  a  failure  mode  that  activates 
when  not  desired,  or  disables  an  activated  transmitter. 


8. 3. 2. 3  Power  Supply.  The  crash  locator  beacon  should  have  its  own  inde¬ 
pendent  power  supply  so  that  it  is  not  dependent  on  aircraft  power  for  its 
operation.  The  power  supply  should  be  capable  of  providing  necessary  power 
for  optimum  transmitter  operation  over  a  specified  time  period  and  under 
specified  environmental  conditions.  These  conditions  should  be  specified  by 
the  procuring  activity  dependent  on  particular  mission  requirements. 
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The  FAA,  in  following  the  RTCA  requirements,  has  specified  that  the  power  sup¬ 
port  must  be  able  to  provide  continuous  operation  for  at  least  50  hours  at 
50  MW  output  power,  or  100  hours  at  25  MW  output.  Other  options  are  avail¬ 
able  to  a  manufacturer,  and  the  chosen  rating  must  be  marked  on  the  unit. 

The  temperature  range  of  -20  °C  to  55  °C  is  specified,  but  certification 
at  -40  °C  and  low  power  is  also  available.  High  output  power,  low  temper¬ 
ature,  and  long  duration  combined  require  large  batteries,  or  special  system 
designs,  but  may  be  appropriate  for  some  military  applications.  Refer¬ 
ences  145  and  146  are  studies  of  batteries  in  ELT  use  and  should  be  referred 
to  when  procuring  units  for  military  use. 

The  power  supply,  if  not  integral  with  the  transmitter,  must  be  mounted  to 
the  aircraft  so  that  it  will  not  be  torn  loose  or  damaged  during  impact.  It 
should  be  mounted  in  a  location  away  from  anticipated  impact  areas  and  should 
have  an  attachment  strength  equal  to  that  specified  for  the  transmitter. 


8. 3. 2. 4  Antenna .  Antennas,  except  for  those  used  in  portable  and  auto¬ 
matic  deployable  equipment,  are  usually  mounted  outside  the  aircraft  to  en¬ 
sure  the  proper  radiated  signal  strength  and  shape.  Since  survival  of  the 
antenna  is  critical  to  the  successful  operation  of  the  crash  beacon,  care 
must  be  taken  in  deciding  its  location.  It  should  be  kept  out  of  primary  im¬ 
pact  zones,  such  as  the  front  or  bottom  of  the  aircraft,  and  it  also  should 
be  kept  out  of  secondary  impact  zones.  These  zones  include  wing  and  tail  sur¬ 
faces  likely  to  impact  trees,  etc.,  and  those  portions  of  helicopters  apt  to 
experience  rotor  blade  strikes  during  impact.  The  strength  of  the  antenna 


attachment  also  should  be  sufficient 
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forces.  Low  profile  antennas  have  been  developed  for  these  applications. 


The  coaxial  cable  between  the  antenna  and  transmitter  should  not  cross  any 
production  break  in  the  fuselage  structure.  It  should  have  locking  connec¬ 
tors  on  each  end  and  have  sufficient  slack  to  allow  for  expected  fuselage 
deformations. 


8, 3. 2. 5  Electrical  Wiring.  Electrical  wiring  between  components  of  the 
system  should  be  protected  from  Impact  damage  unless  the  components  are 
packaged  together  or  the  failure  modes  are  fail  operational.  Protection  can 
be  accomplished  by  routing  the  wire  along  the  strongest  structural  members  of 
the  aircraft  and  away  from  anticipated  areas  of  structural  deformation.  The 
wires  should  be  attached  to  the  aircraft  structure  with  clamps  or  items  that 
will  fail  before  the  wires  break.  Twenty  to  thirty  percent  extra  length  in 
the  wires,  in  the  form  of  loop;  or  S  shaped  patterns,  will  allow  the  wires  to 
move  with  deforming  structure  rather  than  be  pulled  apart.  Nonconductive 
shields  should  surround  the  wires  in  all  areas  where  structural  crushing 
could  occur. 
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APPENDIX 


RELATION  OF  PAIN  THRESHOLD  TIME  TO  HEAT  SOURCE  TEMPERATURE 


The  pain  threshold  curves  in  Figure  10  (Section  3. 3. 1.1),  which  apply  to 
visible  or  exposed  areas  of  the  skin,  were  generated  from  data  in  References 
147  through  153.  The  curves  that  account  for  variable  radiating  surfaces  (F) 
were  determined  in  the  following  manner. 

The  most  significant  variables  that  determine  the  rate  of  heat  absorption  by 
heat  radiation  are:  (1)  temperature  of  radioactive  source,  (2)  fraction  of 
visible  hemisphere  at  elevated  temperature  (F),  and  (3)  emissivity  cf  radia¬ 
tive  source.  Taking  these  factors  into  consideration,  the  rate  of  radiative 
heat  absorption  is 


% 


a'eVF’f 


(A- 1 ) 


Where  a  -  absorptivity  of  skin  surface 

e  =»  emissivity  of  radiative  Source 
o  >=  Stephan-Boltzmann  constant 
-  4.88  x  108  kcal  m'2  hr'1  (°K)'4 
F  *  fraction  of  visible  hemisphere  occupied  by  radiating  surface 
T  -  temperature  of  radiative  surface,  °K 


Assuming  that  skin  absorptivity  and  source  emissivity  are  both  equal  to  0.85, 
Equation  (A-l)  becomes 


\ 


or 


(A-2) 


(A-3) 


Equation  (A-3)  relates  the  temperature  of  the  emitting  source  to  the  rate  of 
heat  absorption  per  unit  area  by  the  skin.  (The  emitter  occupies  fraction  F 
of  the  visible  hemisphere.) 

Equation  (A-3)  was  used  to  plot  the  radiative  burn  curves  for  four  cases  (F  = 
1.0,  0.5,  0.25,  and  0.10)  in  Figure  10. 


181 


£££EBQ!f£& 


1.  Military  Standard,  MIL-$TD-1290A{AY) ,  LIGHT  FIXED-  AND  ROTARY-WING  AIR¬ 
CRAFT  CRASH  RESISTANCE,  Department  of  Defense,  Washington,  DC  20301, 

26  September  1988. 

2.  Knapp,  Stanley  C.,  Ailemond,  Pierre,  and  Karney,  David  H.,  HELICOPTER 
CRASHWORTHY  FUEL  SYSTEMS  AND  THEIR  EFFECTIVENESS  IN  PREVENTING  THERMAL 
INJURY,  U.S.  Army  Aeromedical  Research  Laboratory,  Fort  Rucker,  Alabama, 
July  1981,  AD  A102198. 

3.  Johnson,  N.  B.,  et  al . ,  AN  APPRAISAL  OF  THE  POSTCRASH  F1RF  ES  VIRONMENT, 
Dynamic  Science  (The  AvSER  Facility);  U5ANLABS  Technical  kepi  rt 
70-22-CE,  U.  S.  Army  Natick  Laboratories,  Natick,  Massachusetvs, 
September  1969,  AD  699826. 

4.  CRC -Aviation  Fuel  Safety  Report  Task  Force,  AVIATION  FUEL  SAFETY  -  1975, 
CRC  Project  No.  CA-52-74,  Coordinating  Research  Council,  Inc,,  New  York, 
November  1975. 

5  Geyer,  G.  B.,  and  Urban,  C.  H-,  EVALUATION  OF  AN  IMPROVED  FLAME  RESIS¬ 
TANT  AIRCRAFT  WINDOW  SYSTEM,  Federal  Aviation  Administration;  DOT/ FA A/ 
CT-8310,  U.  S.  Department  of  Transportation,  Atlantic  City  Airport,  New 
Jersey,  May  1984,  ADA143263. 

6o  Miniszewski ,  K.  R.,  and  Waterman,  T.  E.,  FIRE  I’ANAGEMENT/SUPPRESSION 
SYSTEMS/CONCEPTS  RELATING  70  AIRCRAFT  CABIN  FIRE  SATETY,  DOT/ FA A/ 
CT-82/134,  Federal  Aviation  Administration,  Atlantic  City  Airport,  New 
Jersey,  October  1983. 

7.  Quintiere,  James  G,,  and  Tanaka,  Takeyoushi,  AN  ASSESSMENT  OF  CORRELA¬ 
TIONS  BETWEEN  LABORATORY  AND  FULL-SCALE  EXPERIMENTS  FOR  THE  FAA  AIRCRAFT 
FIRE  SAFETY  PROGRAM,  PART  FIVE:  SOME  ANALYSIS  OF  THE  POST  CRASH,  NBSIR 
82-2537,  Federal  Aviation  Administration,  Atlantic  City  Airport,  New 
Jersey,  July  1982. 

8.  Bankson,  C.  P.,  Back,  L.  H,,  Cho,  Y.  I.,  and  Shakkottai ,  P.,  POOL  FIG¬ 
URES  IN  A  SIMULATED  AIRCRAFT  CABIN  INTERIOR  WITH  VENTILATION.  Journal 
of  Aircraft.  Volume  24,  Number  7,  July  1987. 

9.  Middleton,  V.  Fl.  ,  A  COMPUTER  SIMULATION  OF  AIRCRAFT  EVACUATION  WITH 
FIRE,  Contract  NAS2-11134,  Ames  Research  Center,  Moffett  Field,  Cali¬ 
fornia,  April  1983, 

10.  Hill,  R.  G.,  et  al . ,  AIRCRAFT  SEAT  FIRE  BLOCKING  LAYERS;  EFFECTIVENESS 
AND  BENEFITS  UNDER  VARIOUS  FIRE  SCENARIOS,  Federal  Aviation  Admini¬ 
stration.  DOT/FAA/CT- 83/29,  U.S.  Department  of  Transportation,  Atlantic 
City  Airport,  New  Jersey,  June  1983,  AD/A-131666. 

11.  Cklurd,  Thor  I.,  and  Wright  Joseph,  A.,  FUEL  FIRE  HAZARD  PENETRATION 
INTO  A  MODEL  FUSELAGE  AS  A  FUNCTION  OF  CIRCUMFERENTIAL  DOOR  LOCATION  AND 
FUEt  BED  HEIGHT,  FAA-NA-80-9,  Springfield,  Virginia,  Nation'!  Technical 
Information  Service,  May  1980, 


182 


12.  Eklund,  Thor  I.,  POOL  FIRE  RADIATION  THROUGH  A  DOOR  IN  A  SIMULATED  AIR¬ 
CRAFT  FUSELAGE,  FAA-RD-78-135,  Federal  Aviation  Administration,  Washing¬ 
ton,  DC,  December  1978. 


13.  Demaree,  J.,  EXAMINATION  OF  AIRCRAFT  INTERIOR  EMERGENCY  LIGHTING  IN  A 
POSTCRASH  FIRE  ENVIRONMENT,  Federal  Aviation  Administration,  DOT/FAA/ 
CT-82/55,  Department  of  Transportation,  Atlantic  City  Airport,  New 
Jersey,  June  1982,  AD-A117629, 

14.  Marcy,  J.  F.,  A  STUDY  OF  AIR  TRANSPORT  PASSENGER  CABIN  FIRES  AND  MATERI¬ 
ALS,  Federal  Aviation  Agency,  Technical  Report  FAA-ADS-44,  National  Avi¬ 
ation  Agency,  National  Aviation  Facilities  Experimental  Center,  Atlantic 
City,  New  Jersey,  December  1965,  AD  654542. 

15.  Heine,  P.,  and  Brenneman,  0.,  THE  FIRE  TEST  RESULTS,  The  Airline  Pilot. 
Vol .  35,  No.  10,  October  1966,  pp.  8-11,  18-19. 

16.  Mohler,  S.  R. ,  AIR  CRASH  SURVIVAL:  INJURIES  AND  EVACUATION  TOXIC  HAZ¬ 
ARDS,  Aviation.  Space,  and  Environmental  Medicine.  January  1975, 

pp.  86-88. 

17.  Shiltz,  Jr.,  R.  J.,  INVESTIGATION  OF  THE  STRUCTURAL  DEGRADATION  AND  PER¬ 
SONNEL  HAZARDS  RESULTING  FROM  HELICOPTER  COMPOSITE  STRUCTURES  EXPOSED  TO 
FIRES  AND/OR  EXPLOSIONS,  Bell  Helicopter  Textron,  USAAVRADCOM-TR-81 -D- 16 , 
Applied  Technology  Laboratory,  U.S.  Army  Research  and  Technology  Labor¬ 
atories,  Fort  Eustis,  Virginia,  August  1981,  AD  A104757. 

18.  NASA  Special  Publication,  SP-448,  RISK  TO  THE  PUBLIC  FROM  CARBON  FIBERS 
RELEASED  IN  CIVIL  AIRCRAFT  ACCIDENTS,  1980. 

19.  Pesman,  G.  J.,  APPRAISAL  OF  HAZARDS  TO  HUMAN  SURVIVAL  IN  AIRPLANE  CRASH 
FIRES,  NAC.A  Technical  Note  2996,  Lewis  Flight  Propulsion  Laboratory, 
National  Advisory  Committee  for  Aeronautics,  Cleveland,  Ohio,  September 
1953. 

20.  Buettner,  K. ,  Ph.D.,  EFFECTS  OF  EXTREME  HEAT  ON  MAN,  Journal  of  the 
American  Medical  Association.  Vol.  144,  October  1950,  pp.  732-740. 

21.  Moritz,  A.  R.,  M.D.,  et  al.,  AN  EXPLORATION  OF  THE  CASUALTY  PRODUCING 
ATTRIBUTES  OF  CONFLAGRATIONS:  LOCAL  AND  SYSTEMIC  EFFECTS  OF  GENERAL 
CUTANEOUS  EXPOSURE  TO  EXCESSIVE  HEAT  OF  VARYING  DURATION  AND  INTENSITY, 
Archives  of  Pathology.  Vol.  43,  1947,  pp.  466-502. 

22.  Pryer,  A.  J.,  and  Yuill,  C.  H.,  MASS  FIRE  LIFE  HAZARD,  Southwest  Research 
Institute,  San  Antonio,  Texas,  September  1966. 

23.  Forbes,  W.  H.,  Sargent,  F.,  and  Roughton,  F.  J.  W.,  THE  RATE  OF  CARBON 
MONOXIDE  UPTAKE  BY  NORMAL  MEN,  American  Journal  of  Physiology.  Vol.  143, 
April  1945. 


24.  FIRE  SAFETY  ASPECTS  OF  POLYMERIC  MATERIALS,  VOLUME  6  -AIRCRAFT:  CIVIL 
AND  MILITARY,  Publication  NMAB  3186,  National  Materials  Advisory  Board, 
National  Academy  of  Sciences,  Washington,  D.  C.,  1977,  p.  184. 

25.  Higgins,  E.  A.,  Ph.D.,  et  al.,  THE  ACUTE  TOXICITY  OF  BRIEF  EXPOSURES  TO 
HF,  HC1 ,  N02  AND  HCN  SINGLY  AND  IN  COMBINATION  WITH  CO,  FAA  Civil 
Aeromedical  Institute;  Report  No.  FAA-AM-71-41,  Department  of  Trans¬ 
portation,  Federal  Aviation  Administration,  Office  of  Aviation  Medicine, 
Washington,  D.  C.,  November  1971,  AD  735160. 

26.  Kaplan,  H.  L.,  et  al.,  A  RESEARCH  STUDY  OF  THE  ASSESSMENT  OF  ESCAPE  IM¬ 
PAIRMENT  BY  IRRITANT  COMBUSTION  GASES  IN  POSTCRASH  AIRCRAFT  FIRES,  South¬ 
west  Research  Institute,  DOT/FAA/CT-84/16,  U.S.  Department  of  transpor¬ 
tation,  Atlantic  City  Airport,  New  Jersey,  September  1984,  AD-A146484. 

27.  Eklund,  T.  I.,  ANALYSIS  OF  DISSIPATION  OF  GASEOUS  EXTINGUISHER  AGENTS  IN 
VENTILATED  COMPARTMENTS,  Federal  Aviation  Administration,  DOT/FAA/ 
CT-83/1,  Federal  Aviation  Administration,  Atlantic  City  Airport,  New 
Jersey,  May  1983,  ADA128760. 

28.  Snyder,  Carl  E.,  and  Krawetz,  Arthur  A.,  DETERMINATION  OF  THE  FLAMMABIL¬ 
ITY  CHARACTERISTICS  OF  AEROSPACE  HYDRAULIC  FLUIDS,  Journal  of  the  Ameri¬ 
can  Society  of  Lubrication  Engineers.  Volume  37,  12,  705-714,  1980. 

29.  Skifstad,  J.  G,,  IGNITION  OF  FUEL  SPRAYS  BY  HOT  SURFACES  AND  STABILI¬ 
ZATION  OF  AIRCRAFT  FIRES,  AFOSR-77-3446,  Purdue  University,  School  of 
Mechanical  Engineering,  West  Lafayette,  Indiana,  1978. 

30.  Loftus,  Joseph  J.,  Juarez,  Nilsa,  Maldonado,  Adalberto,  and  Simenauer, 
Jeffrey  A.,  FLAMMABILITY  MEASUREMENTS  ON  FOURTEEN  DIFFERENT  HYDRAULIC 
FLUIDS  USING  A  TEMPERATURE-PRESSURE  SPRAY  IGNITION  TEST,  NBSIR  81-2247, 
U.S.  Bureau  of  Mines,  Pittsburgh,  Pennsylvania,  March  1981. 

31.  AVIATION  FUEL  SAFETY  -  1975,  CRC  Report  Number  482,  Coordinating  Re¬ 
search  Council,  Inc.,  New  York,  New  York,  November  1975. 

32.  FINAL  REPORT  OF  THE  SPECIAL  AVIATION  FIRE  AND  EXPLOSION  REDUCTION 
(SAFER)  ADVISORY  COMMITTEE,  Volume  1,  June  26,  1978  -  June  26,  1980. 

33.  Churchill,  A.  V.,  AVIATION  FUELS-FUTURE  OUTLOOK  AND  IMPACT  ON  AIRCRAFT 
FIRE  THREAT,  AGARD,  AGARD-LS-123,  North  Atlantic  Treaty  Organization, 
1982. 

34.  Robertson,  S.  H.  and  Turnbow,  J.  W.,  A  METHOD  FOR  SELECTING  A  CRASH- 
WORTHY  FUEL  SYSTEM  DESIGN,  AGARD,  Agard-CP-255,  North  Atlantic  Treaty 
Organization,  1978. 

35.  Military  Specification,  MIL-T-27422B,  TANK,  FUEL,  CRASH-RESISTANT, 
AIRCRAFT,  Department  of  Defense,  Washington,  D.  C.,  24  February  1970. 


184 


REFERENCE  (CONTD) 


< 


v 


■s 


36.  Robertson,  S.  H.,  and  Turnbow,  J.  W.,  AIRCRAFT  FUEL  TANK  DESIGN  CRI¬ 
TERIA,  Aviation  Safety  Engineering  and  Research  of  Flight  Safety  Foun¬ 
dation;  USAAVLABS  Technical  Report  66-24,  U.  S.  Army  Aviation  Materiel 
Laboratories,  Fort  Eustis,  Virginia,  March  1966,  AD  631610. 

37.  Cook,  R.  L.,  et  al . ,  IMPROVED  CRASH- RESISTANT  FUEL  CELL  MATERIAL,  Good¬ 
year  Aerospace;  USAAVLABS  Technical  Report  67-6,  U.  S.  Army  Aviation 
Materiel  Laboratories,  Fort  Eustis,  Virginia,  April  1967,  AD  813165L. 

38.  Robertson,  S.  H.,  and  Macaracy,  P.,  A  PROGRAM  TO  REDUCE  THE  POSTCRASH 
FIRE  POTENTIAL  OF  THE  CESSNA  185  AND  206  AIRCRAFT,  Robertson  Aviation, 
Inc.,  Tempe,  Arizona,  May  1985. 

39.  Robertson,  S.  H.,  DEVELOPMENT  OF  A  CRASH-RESISTANT  FLAMMABLE  FLUIDS 
SYSTEM  FOR  THE  UH-1A  HELICOPTER,  Dynamic  Science;  USAAVLABS  Technical 
Report  68-82,  U.  S.  Army  Aviation  Materiel  Laboratories,  Fort  Eustis, 
Virginia,  January  1969,  AD  688165. 

40.  Military  Specification,  MIL-H-63282,  HYDRAULIC  FLUID,  FIRE  RESISTANT 
SYNTHETIC  HYDROCARBON  BASE,  AIRCRAFT,  Department  of  Defense,  Washington, 
D.  C  = ,  22  February  1974. 

41.  Weatherford,  W.  D.  Jr.,  and  Wright,  B.  R.,  STATUS  OF  RESEARCH  OF  ANTI¬ 
MIST  AIRCRAFT  TURBINE  ENGINE  FUELS  IN  THE  UNITED  STATES,  in  Aircraft 
Fire  Safety.  AGARD  Conference  Proceedings  No.  166.  North  Atlantic  Treaty 
Organization,  Advisory  Group  for  Aerospace  Research  and  Development, 
Neuilly-sur-Seine,  France,  October  1975,  pp.  2.1-2.12,  AD  A018180. 

42.  San  Miguel,  A.,  ANTIMISTING  FUEL  KINEMATICS  RELATED  TO  AIRCRAFT  CRASH 
LANDINGS,  Journal  of  Aircraft,  Vol .  15,  No.  3,  March  1978,  pp.  137-142. 


43. 


Shaw,  L.  M.,  SAFETY  EVALUATION  OF  EMULSIFIED  FUELS,  Dynamic  Science 


u^HHrmuL  lecnrucai  Report  /i-£»,  tui»tib  u  i  r  etturdte,  o.  o.  wmiy  «ir 


Mobility  Research  and  Development  Laboratory,  Fort  Eustis,  Virginia 
June  1971,  AD  729330. 


7 


44.  Shaw,  L.  M.,  SAFETY  EVALUATION  OF  ANTIMIST  FUELS,  Dynamic  Science;  Re¬ 
port  9130-73-112,  U.  S.  Army  Mobility  Equipment  Research  and  Development 
Center,  Aberdeen  Proving  Ground,  Maryland,  November  1973,  AD  773035. 

45.  Fasanella,  Edwin,  L.,  and  Alfaro-Bou,  Emilio,  IMPACT  DATA  FROM  A  TRANS¬ 
PORT  AIRCRAFT  DURING  A  CONTROLLED  IMPACT  DEMONSTRATION,  NASA  Technical 
Paper  2589,  Langley  Research  Center,  Hampton,  Virginia,  April,  1985. 

46.  Hayduk,  Robert  J.,  FULL-SCALE  TRANSPORT  CONTROLLED  IMPACT  DEMONSTRATION, 
NASA  Conference  Publication  2395,  Langley  Research  Center,  Hampton,  Vir¬ 
ginia,  April,  1985. 


185 


REFERENCES  (CONTP) 


47.  Yaffe,  Michael  L.,  ANTI-MISTING  FUEL  RESEARCH  AND  DEVELOPMENT  FOR  COMMER¬ 
CIAL  AIRCRAFT  -  FINAL  SUMMARY  REPORT,  DOT/FAA  Technical  Center,  Report 
No.  DOT/FAA/CT-86/7,  April  1986. 

48.  Kuchta,  Joseph  M.,  and  Clodfelter,  Robert  G.,  AIRCRAFT  MISHAP  FIRE  PAT¬ 
TERN  INVESTIGATIONS,  AFWAL-TR-85-2057,  Aero  Propulsion  Laboratory, 
Wright-Patterson  AFB,  Ohio,  August  1985. 

49.  Robertson,  S.  H.,  et  al.,  THEORY,  DEVELOPMENT,  AND  TEST  OF  A  CRASH-FIRE¬ 
INERTING  SYSTEM  FOR  RECIPROCATING  ENGINE  HELICOPTERS,  Aviation  Safety 
Engineering  and  Research  of  Flight  Safety  Foundation;  TRECOM  Technical 
Report  63-49,  U.S.  Amy  Transportation  Research  Command,  Fort  Eustis, 
Virginia,  December  1963. 

50.  Pinkel ,  I.  I.,  et  al . ,  ORIGIN  AND  PREVENTION  OF  CRASH  FIRES  IN  TURBOJET 
AIRCRAFT,  NACA  Report  1019,  Lewis  Flight  Propulsion  Laboratory,  National 
Advisory  Committee  for  Aeronautics,  Cleveland,  Ohio,  1958. 

51.  Black,  D.  0.,  CRASH-FIRE  PROTECTION  SYSTEM  FOR  A  J57  TURBOJET  ENGINE 
USING  WATER  AS  A  COOLING  AND  INERTING  AGENT,  NASA  Technical  Note  D-274, 
National  Aeronautics  and  Space  Administration,  Washington,  D.C., 

February  1369. 

52.  Pinkel,  I.  I.,  et  al.,  MECHANISM  OF  START  AND  DEVELOPMENT  OF  AIRCRAFT 
CRASH  FIRES,  NACA  Technical  Note  2996,  Lewis  Flight  Propulsion  Labor¬ 
atory,  National  Advisory  Committee  for  Aeronautics,  Cleveland, 

Ohio,  1953. 

53.  Johnson,  Richard  L.,  and  Gi Herman,  Joseph  B.,  AIRCRAFT  FUEL  TANK  INER¬ 
TING  SYSTEM,  MFWAL-TR-82-2115,  Aero  Propulsion  Laboratory,  Wright- 
Patterson  AFB,  Ohio,  July  1983. 

54.  Grenich,  A.  F.,  VULNERABILITY  METHODOLOGY  AND  PROTECTIVE  MEASURES  FOR 
AIRCRAFT  FIRF  AND  EXPLOSION  HAZARDS,  AhWAL-TR-85-2060,  Volume  1,  Aero 
Propulsion  Laboratory,  Wright-Patterson  AFB,  Ohio,  January  1986. 

55.  Johnson,  A.  M.,  and  Grenich,  A.  F.,  VULNERABILITY  METHODOLOGY  AND  PROTEC¬ 
TIVE  MEASURES  FOR  AIRCRAFT  FIGURES  AND  EXPLOSION  HAZARDS,  AFWAL-TR-85 - 
2060,  Volume  2,  Aero  Propulsion  Laboratory,  Wright-Patterson  AFB,  Ohio, 
January,  1986. 

56.  Grenich,  A.  F.,  and  Tolle,  F.  F.,  ELECTROSTATIC  SAFETY  WITH  EXPLOSION 
SUPPRESSANT  FOAMS,  AFWAL-TR-83-2015,  Aero  Propulsion  Laboratory,  Wright- 
Patterson  AFB,  Ohio,  March  1983. 

57.  INTEGRATED  AIRCRAFT  FUEL  TANK  INERTING  AND  COMPARTMENT  FIRE  SUPPRESSION 
SYSTEM,  AFWAL-TR-83-2021,  Vol  II,  Aero  Propulsion  Laboratory,  Wright- 
Patterson  AFB,  Ohio,  April  1983. 


186 


REFERENCE?  (P9HTD). 


< 


V 


\ 


58.  Klein,  J.  K.,  THE  F - 16  HALON  TANK  INERTING  SYSTEM,  AIAA-81-1638,  AIAA 
Aircraft  Systems  and  Technology  Conference,  Dayton,  Ohio,  August  1381. 

59.  Klueg,  E.  P.,  et  al . ,  AN  INVESTIGATION  OF  IN-FLIGHT  FIRE  PROTECTION  WITH 
A  TURBOFAN  POWERPLANT  INSTALLATION,  Report  No.  NA-69-26,  Department  of 
Transportation,  Federal  Aviation  Administration,  National  Aviation 
Facilities  Experimental  Center,  Atlantic  City,  New  Jersey,  April  1969, 

AD  686045. 


60.  Jones,  R.  B.,  et  al . ,  AN  ENGINEERING  STUDY  OF  AIRCRAFT  CRASH  FIRE  PREVEN¬ 
TION,  Walter  Kidde  and  Company,  Inc.;  Technical  Report  57370,  Wright 
Aeronautical  Development  Center,  Ohio,  June  1958,  AD  155846. 

61.  Campbell,  J.  A.,  APPRAISAL  OF  THE  HAZARDS  OF  FRICTION  SPARK  IGNITION  OF 
AIRCRAFT  CRASH  FIRES,  NACA  Technical  Note  4024,  Lewis  Flight  Propulsion 
Laboratory,  National  Advisory  Committee  for  Aeronautics,  Cleveland, 

Ohio,  May  1957. 

62.  Diller,  R.  W-,  DESIGN,  DEVELOPMENT,  AND  FABRICATION  OF  A  CRASH  SENSOR 
FOR  MILITARY  HELICOPTERS.  NADC-81310-60,  Naval  Air  Systems  Command, 
Washington,  DC,  November  1981. 

63.  Hall,  D.  S.,  SYSTEMS  ANALYSIS  OF  THE  INSTALLATION,  MOUNTING,  AND  ACTI¬ 
VATION  OF  EMERGENCY  LOCATOR  TRANSMITTERS  IN  GENERAL  AVIATION  AIRCRAFT, 
NAS5-25444,  NASA/Goddard  Space  Flight  Center,  Greenbelt,  Maryland, 

January  1980. 

64.  Moser,  J.  0.,  and  Black  D.  0.,  PROPOSED  INITIATING  SYSTEM  FOR  CRASH- FIRE 
PREVENTION  SY'TEMS,  NACA  Technical  Note  3774,  National  Advisory  Commit¬ 
tee  for  Aeronautics  Cleveland,  Ohio,  December  1956. 


65.  Drummond,  J.  K.,  STUDY  TO  DETERMINE  THE  APPLICATION  OF  AIRCRAFT 
IGNITION -SOURCE  CONTROL  SYSTEMS  TO  FUTURE  ARMY  AIRCRAFT,  Dynamic 
Science;  USAAMRDL  Technical  Report  71-35,  Eustis  Directorate,  U.S.  Army 
Air  Mobility  Research  and  Development  laboratory,  Fort  Eustis,  Virginia, 
June  1971,  AD  729870. 


66.  Kuchta,  J.  M.,  FIRE  AND  EXPLOSION  MANUAL  FOR  AIRCRAFT  ACCIDENT  INVESTI¬ 
GATORS,  Pittsburg  Mining  and  Safety  Research  Center,  Bureau  of  Mines, 
AFAPL  Technical  Report  73-74,  Air  Force  Aero  Propulsion  Laboratory, 
Wright-Patterson  Air  Force  Base,  Ohio,  August  1973,  AD  771191. 

67.  Smith,  E.  E.,  PRODUCT  FIRE  HAZARD  EVALUATION,  Journal  of  Fire  & 
Flamroabil itv/Consumer  Product  Flammability.  Vol.  2,  March  1975, 
pp.  58-69. 

68.  Brauman ,  S.  K.,  EFFECT  OF  SAMPLE  TEMPERATURE  ON  COMBUSTION  PERFORMANCE 
OF  POLYMERS,  Journal  of  Fire  &  Flammability.  Vol.  8,  April  1977, 

pp.  210-224. 


187 


KEEEREM££Sl  (CMTED 


69.  Hi! ado,  C.  0.,  and  Cumming,  H.  J.,  HYDROCARBON  CONCENTRATIONS  IN  TIRE 
TOXICITY  TESTS  AS  AN  INDICATION  OF  FLASH  FIRE  PROPENSITY,  Journal  of 
Fire  &  Flammability.  Vol .  8,  April  1977,  pp.  235-240. 

70.  Gross,  D.,  et  al . ,  SMOKE  AND  GASES  PRODUCED  BY  BURNING  AIRCRAFT  INTERIOR 
MATERIALS,  Building  Science  Series  18.  U.  S.  Department  of  Commerce, 
National  Bureau  of  Standards,  Washington,  DC,  February  1969. 

71.  Brown,  L.  !.,  Jr.,  SMOKE  EMISSIONS  FROM  AIRCRAFT  INTERIOR  MATERIALS  AT 
ELEVATED  HEAT  FLUX  LEVELS  USING  MODIFIED  NBS  SMOKE  CHAMBER,  Federal  Avi¬ 
ation  Administration;  FAA-RD-79-26,  U.  S.  Department  of  Transportation, 
Washington,  D.C.,  July  1979,  AD-A1 15256. 

72.  Einhorn,  I.  N.,  PHYSIO-CHEMICAL  STUDY  OF  SMOKE  EMISSION  BY  AIRCRAFT 
INTERIOR  MATERIALS,  PART  I:  PHYSIOLOGICAL  AND  TOXICOLOGICAL  ASPECTS  OF 
SMOKE  DURING  FIRE  EXPOSURE,  University  of  Utah;  Report  No.  FAA-RD- 
73-50-1,  Department  of  Transportation,  Federal  Aviation  Administration, 
National  Aviation  Facilities  Experimental  Center,  Atlantic  City,  New 
Jersey,  July  1973,  AD  763602. 

73.  Spurgeon,  J.  C.,  SpeUel ,  L.  C.,  and  Feher,  R.  E.,  OXIDATIVE  PYROLYSIS 
OF  AIRCRAFT  INTERIOR  MATERIALS,  Journal  of  Fire  &  Flammability,  Vol.  8, 
July  1977,  pp.  349-363. 

74.  Spurgeon,  J.  C.,  A  PRELIMINARY  COMPARISON  OF  LABORATORY  METHODS  FOR 
ASSIGNING  A  RELATIVE  TOXICITY  RANKING  TO  AIRCRAFT  INTERIOR  MATERIALS, 
Report  No.  FAA-RD-75-37,  Department  of  Transportation,  Federal  Aviation 
Administration,  National  Aviation  Facilities  Experimental  Center,  Atlan¬ 
tic  City,  New  Jersey,  October  1975,  AD  A018148. 


75.  Hilado,  C.  J.,  FLAMMABILITY  TESTS,  1975:  A  REVIEW,  Fire  Technolocv. 
Vol.  11,  No.  4,  November  1975,  pp.  282-293. 


76. 


reaera i  MvlatiOfi  Reyul ations ,  AIRWORTHINESS 
GORY  AIRPLANES,  Part  25,  Section  25.853. 


CTAMHADnC - 
i  nnunio/j  • 


TDAKICQHDT  PATC- 

i  nmwi  wu  i  \/f\i  i. 


77.  Brown,  L.  J.,  Jr.,  and  Johnson,  R.  M.,  CORRELATION  OF  LABORATORY -SCALE 
FIRE  TEST  METHODS  FOR  SEAT  BLOCKING  LAYER  MATERIALS  WITH  LARGE-SCALE 
TEST  RESULTS,  Federal  Aviation  Administration;  DOT/FAA/CT-83/29,  Federal 
Aviation  Administration,  Atlantic  City  Airport,  New  Jersey,  June  1983, 
AD/A- 13 1666. 


78.  IMPROVED  FLAMMABILITY  STANDARDS  FOR  MATERIALS  USED  IN  THE  INTERIORS  OF 
TRANSPORT  CATEGORY  AIRPLANE  CABINS,  Federal  Register.  Vol.  51,  No.  139, 
July  1986. 


79.  Hill,  R.  G.,  Eklund,  T.  I.,  and  Sarkos,  C.  P.,  AIRCRAFT  INTERIOR  PANEL 
TEST  CRITERIA  DERIVED  FROM  FULL-SCALE  FIRE  TESTS,  Federal  Aviation 
Administration;  DOT/FAA/CT-85/23,  U.S.  Department  of  Transportation, 
Atlantic  City  Airport,  New  Jersey,  February  1984,  AD-A149791. 


188 


REFERENCES  (C.QNTD) 


\ 


80.  HEAT  AND  VISIBLE  SMOKE  RELEASE  RATES  FOR  MATERIALS  AND  PRODUCTS  1986, 
National  Fire  Protection  Association,  NFPA  253,  Quincy,  Massachussetts, 
December  1985. 

81.  Fish,  R.  H.,  AMES  T-3  FIRE  TEST  FACILITY  -  AIRCRAFT  CRASH  FIRE  SIMU¬ 
LATION,  Journal  of  Fire  &  Flammability.  Vol .  7,  October  1976, 

pp.  470-481. 

82.  Quintiere,  J.  G.,  AN  ASSESSMENT  OF  CORRELATIONS  BETWEEN  LABORATORY  AND 
FULL-SCALE  EXPERIMENTS  FOR  THE  FAA  AIRCRAFT  FIRE  SAFETY  PROGRAM,  PART 
1:  SMOKE,  National  Bureau  of  Standards;  D0T/FAA/CT-82/100,  Federal 
Aviation  Administration,  Atlantic  City  Airport,  New  Jersey,  July  1982, 
NBSIR  82-2508. 

83.  Crane,  C.  R.,  Ph.D.,  et  al . ,  INHALATION  TOXICOLOGY:  I.  DESIGN  OF  A 
SMALL-ANIMAL  TEST  SYSTEM:  II.  DETERMINATION  OF  THE  RELATIVE  TOXIC 
HAZARDS  OF  75  AIRCRAFT  CABIN  MATERIALS,  FAA  Civil  Aeromedical  Institute; 
Report  No.  FAA-AM-77-9,  Department  of  Transportation,  Federal  Aviation 
Administration,  Office  of  Aviation  Medicine,  Washington,  DC,  March  1977, 
AD  A043646. 


m. 


U-J'i  ann  C  l  mamuctai  i  t r  MATCDTAIC. 

filldQOj  t  ♦  J  •  )  TIKE.  uriMIVU/  I  LIU  J  I  ivo  v/l  nuniiL  i  ntL  x  v  ii  n  i  Liunusf  • 


A  REVIEW  OF  RECENT  PAPERS  AND  REPORTS,  Journal  of  Fire  &  Flammabil itv. 
Vol.  7,  October  1976,  pp.  539-558. 


85.  Levin,  B.  C.,  THE  NATIONAL  BUREAU  OF  STANDARDS  TOXICITY  TEST  METHOD, 
Fire  Technology  International  Quarterly.  Vol.  21,  No.  2,  The  National 
Fire  Protection  Association,  Quincy,  Massachusetts,  May  1985. 


86.  Spieth,  H.  H.,  et  al.,  A  COMBINED  HAZARD  INDEX  FIRE  TEST  METHODOLOGY  FOR 
AIRCRAFT  CABIN  MATERIALS,  Vol.  I,  Douglas  Aircraft  Company;  DOT/ FAA/ 
CT-82/236-1,  Federal  Aviation  Administration,  Atlantic  City  Airport,  New 
Jersey,  April  1982,  AD-A117448, 


87.  Nelson,  G.  L.,  et  al.,  MATERIAL  PERFORMANCE  IN  TRANSPORTATION  VEHICLE 
INTERIORS,  Journal  of  Fire  &  Flammability.  Vol.  8,  July  1977, 

pp,  262-278. 

88.  Dusken,  F.  E.,  FIRE  TESTING  OF  AIRCRAFT  CABINS,  Journal  of  Fire  & 
Flammabil itv.  Vol.  8,  April  1977,  pp.  193-201. 


89.  Parket,  W.  J,,  AN  ASSESSMENT  OF  CORRELATIONS  BETWEEN  LABORATORY  AND 
FULL-SCALE  EXPERIMENTS  FOR  THE  FAA  AIRCRAFT  FIRE  SAFETY  PROGRAM, 

PART  6:  REDUCED-SCALE  MODELING  OF  COMPARTMENTS  AT  ATMOSPHERIC  PRESSURE, 
National  Bureau  of  Standards;  D0T/FAA/CT-82-160,  U.S.  Department  of 
Transportation,  Atlantic  City  Airport,  New  Jersey,  October  1982. 


90.  Drysdale,  D.,  An  Introduction  to  Fire  Dynamics',  John  Wiley  and  Sons,  New 
York,  1985. 


189 


REFERENCE?  (CM  TP) 


91.  Foa,  0.,  editor,  WORKSHOP  ON  MATHEMATICAL  FIRE  MODELING,  March  24  -  27, 
1981,  Federal  Aviation  Administration,  Atlantic  City  Airport,  New 
Jersey,  August  1981. 

92.  Emmons,  H.  W.  and  Mitler,  H.  E.,  COMPUTER  MODELING  OF  AIRCRAFT  CABIN 
FIRES,  Harvard  University;  NBS-GCR-83-431,  U.S.  Department  of  Transpor¬ 
tation,  Harvard  University  and  Federal  Aviation  Administration,  Washing¬ 
ton,  DC,  June  1983,  PB84-10015  3. 

93.  Marcy,  J.  F.,  and  Johnson,  R.,  FLAMING  AND  SELF-EXTINGUISHING  CHARACTER¬ 
ISTICS  OF  AIRCRAFT  CABIN  INTERIOR  MATERIALS,  Report  No.  NA-68-30 
[DS-68-13],  Department  of  Transportation,  Federal  Aviation  Admini¬ 
stration,  National  Aviation  Facilities  Experimental  Center,  Atlantic 
City,  New  Jersey,  July  1968,  AD  673084. 


94.  Einhorn,  I.  M.,  Kanakia,  M.  D.,  and  Seader,  J.  D.,  PHYSIO-CHEMICAL  STUDY 
OF  SMOKE  EMISSION  BY  AIRCRAFT  INTERIOR  MATERIALS,  Part  II:  RIGID-  AND 
FLEXIBLE-URETHANE  FOAMS,  University  of  Utah;  Report  No.  FAA-RD-73-50, II , 
Department  of  Transportation,  Federal  Aviation  Administration,  National 
Aviation  Facilities  Experimental  Center,  Atlantic  City,  New  Jersey, 

July  1973,  AD  763935. 


95.  Fewell,  L.  L.,  et  al.,  eds.,  CONFERENCE  ON  THE  DEVELOPMENT  OF  FIRE- 
RESISTANT  AIRCRAFT  PASSENGER  SEATS,  NASA  Technical  Memorandum  X-73144, 
Ames  Research  Center,  National  Aeronautics  and  Space  Administration, 
Washington,  DC,  August  1976,  pp.  115-125. 


96.  Morford,  R.  H.,  THE  FLAMMABILITY  OF  NEOPRENE  CUSHIONING  FOAM,  Journal 
of  Fire  &  Flammability,  Vol .  8,  July  1977,  pp.  279-299. 


97.  Hilado,  C.  J.,  THE  CORRELATION  OF  LABORATORY  TEST  RESULTS  WITH  BEHAVIOR 
IN  REAL  FIRES,  Journal  of  Fire  &  Flamniabil  itv.  Vol.  8,  April  1977, 
pp.  202-209. 


98.  Parker,  J.  A.,  Ph.D.,  P0LYPH03PHAZENE  SEAT  CUSHION  APPLICATIONS,  Ameri¬ 
can  Research  Center;  in  Conference  on  the  Development  of  Fire-Resistant 
Aircraft  Passenger  Seats,  eds.  Fewell,  L.  L.,  et  al . ,  NASA  Technical 
Memorandum  X-73144,  National  Aeronautics  and  Space  Administration, 
Washington,  DC,  August  1976. 

99.  Gagliani,  J.,  FIRE  RESISTANT  RESILIENT  FOAMS  -  FINAL  REPORT,  Solar 
Division,  International  Harvester;  Report  No.  N76-18278,  National 
Aeronautics  and  Space  Administration,  Lyndon  B.  Johnson  Space  Center, 
Houston,  Texas,  February  1976. 

100.  Williamson,  R.  B.,  and  Fisher,  F.  L.,  FIRE  TESTS  AND  CRITERIA  FOR  MASS 
TRANSPORTATION  SEATS,  paper  presented  at  International  Congress  and 
Exposition,  Society  of  Automotive  Engineers,  Detroit.  Michigan,  February 

1981. 


190 


REFERENCES  (CONTDT 


\ 


101.  Tesoro,  G.  C.,  Ph.D.,  STATE  OF  THE  ART  MATERIALS  USED  IN  AIRCRAFT  PAS¬ 
SENGER  SEATS,  Massachusetts  Institute  of  Technology;  in  Conference  on 
the  Development  of  Fire-Resistant  Aircraft  Passenger  Seats,  eds. 
Fewell,  L.  L.,  et  al.,  NASA  Technical  Memorandum  X-73144,  National 
Aeronautics  and  Space  Administration,  Washington,  DC,  August  1976. 

102.  Kourtides,  D.  A.,  et  al.,  OPTIMIZATION  OF  AIRCRAFT  SEAT  CUSHION  FIRE 
BLOCKING  LAYERS,  National  Aeronautics  and  Space  Administration,;  DOT/ 
FAA/CT-82-132,  U.S.  Department  of  Transportation,  Atlantic  City  Air¬ 
port,  New  Jersey,  March  1983,  AD/A130144. 


103.  Fewell,  L.  L.,  Trabold,  Ed.,  and  Spieth,  H.,  FIRE  RESISTIVITY  AND  TOXI¬ 
CITY  STUDIES  OF  CANDIDATE  AIRCRAFT  PASSENGER  SEAT  MATERIALS,  NASA  Ames 
Research  Center;  NASA  TM-78468,  National  Aeronautics  and  Space  Admini¬ 
stration,  Washington,  DC,  March  1978,  N/8-21214. 

104.  Fewell,  L.  L.,  et  al.,  RELEASE-RATE  CALORIMETRY  OF  MULTILAYERED  MATERI¬ 
ALS  FOR  AIRCRAFT  SEATS,  NASA  Ames  Research  Center;  NASA  TM-78594. 

105.  Silverman,  B-,  AIRCRAFT  INTERIOR  THERMOPLASTIC  MATERIALS,  Lockheed 
Missiles  and  Space  Company;  in  Conference  on  the  Development  of  Fire- 
Resistant  Aircraft  Passenger  Seats,  eds.  Fewell,  L.  L.,  et  al.,  NASA 
Technical  Memorandum  X-73144,  National  Aeronautics  and  Space  Admini¬ 
stration,  Washington,  DC,  August  1976. 

106.  Parker,  J.  A.,  Ph.D.,  et  al . ,  FIRE  DYNAMICS  OF  MODERN  AIRCRAFT  FROM  A 
MATERIALS  POINT  OF  VIEW,  in  Aircraft  Fire  Safety.  AGARD  Conference 
Proceedings  No.  166.  North  Atlantic  Treaty  Organization,  Advisory  Group 
for  Aerospace  Research  and  Development,  Neuilly-sur-Seine,  France, 
October  1975,  pp.  10.1-10.11,  AO  A018180. 


107.  Anderson,  R.  A.,  et  al,,  EVALUATION  OF  MATERIALS  AND  CONCEPTS  FOR  AIR¬ 
CRAFT  FIRE  PROTECTION,  Boeing  Commercial  Airplane  Company;  Report 
No.  NASA  CR-137838,  National  Aeronautics  and  Space  Administration,  Ames 
Research  Center,  Moffett  Field,  California,  April  1976. 


108.  Parker,  0.  A.,  and  Kourtides,  D.  A.,  FIREWORTHINESS  OF  TRANSPORT  AIR¬ 
CRAFT  INTERIOR  SYSTEMS,  paper  presented  at  AIAA  16th  Thermophysics 
Conference,  NASA  Ames  Research  Center,  Palo  Alto,  California,  June 
1981. 

109.  Sarkos,  C.  P,,  and  Hill,  R.  G,  EVALUATION  OF  AIRCRAFT  INTERIOR  PANELS 
UNDER  FULL-SCALE  CABIN  FIRE  TEST  CONDITIONS,  paper  presented  at  AIAA 
23rd  Aerospace  Sciences  Meeting,  FAA  Technical  Center,  Reno,  Nevada, 
January  1985. 


110.  Kourtides,  D.  A.,  FIRE  RESISTANT  FILMS  FOR  AIRCRAFT  APPLICATIONS,  NASA 
TM-84337,  NASA  National  Aeronautics  and  Space  Administration,  Moffett 
field,  California,  March  1983. 


191 


REFERENCES  (COHTD) 


111.  Blake,  D.  R.  and  Hill,  R.  G.,  FIRE  CONTAINMENT  CHARACTERISTICS  OF  AIR¬ 
CRAFT  CLASS  D  CARGO  COMPARTMENTS,  Federal  Aviation  Administration; 
FAA/DOT/CT-82/156,  U.S.  Department  of  Transportation,  Atlantic  City 
Airport,  New  Jersey,  June  1983,  AD-A131047. 

112.  Atallah.  S.,  and  Buccigross,  H.,  INVESTIGATION  AND  EVALUATION  OF  NON¬ 
FLAMMABLE,  FIRE-RETARDANT  MATERIALS,  Arthur  D.  Little,  Inc.;  USAAMRDL 
Technical  Report  72-52,  Eustis  Directorate,  U.  S.  Army  Air  Mobility 
Research  and  Development  Laboratory,  Fort  Eustis,  Virginia,  November 
1972,  AD  906699L . 

113.  Federal  Aviation  Regulations,  AIRWORTHINESS  STANDARDS:  TRANSPORT  CATE¬ 
GORY  AIRPLANES,  Part  25,  Section  25.853. 

114.  FIRE  SAFETY  ASPECTS  CF  POLYMERIC  MATERIALS,  VOLUME  6  -  AIRCRAFT:  CIVIL 
AND  MILITARY,  National  Materials  Advisory  Board,  National  Academy  of 
Sciences,  Washington,  DC,  1977,  p.  11 

115.  Downey,  Jr.,  W.  P.,  COMPOSITE  FABRICS  IN  A  THERMAL  PROTECTION  APPLI¬ 
CATION,  paper  presented  at  17th  National  SAMPE  Technical  Conference, 
Fairchild  Burns  Company,  Winston-Salem,  North  Carolina,  October  1985. 

116.  Coltman,  J.  W.,  and  Arndt,  S.  M.,  THE  NAVAL  AIRCRAFT  CRASH  ENVIRON¬ 
MENT:  AIRCREW  SURVIVABILITY  AND  AIRCRAFT  STRUCTURAL  RESPONSE, 

TR-88490,  Simula  Inc.,  Phoenix,  Arizona;  NADC  88106-60,  Naval  Air 
Development  Center,  Warminster,  Pennsylvania,  September  1988. 

117.  Saczalski,  K.,  et  al . ,  eds.  AIRCRAFT  CRASHWORTHINESS,  Charlottesville, 
Virginia,  University  Press  of  Virginia,  1975,  pp.  121-139. 

118.  Flalg,  J.  W.,  HELICOPTER  FLOTATION  AND  PERSONNEL  SAFETY  IN  UNPLANNED 
WATER  LANDING  FROM  FY  1960  THROUGH  FY  1974,  Letter  Report  75-61,  Naval 
Air  Systems  Command,  Washington,  DC,  June  1975. 

119.  Rice,  E.  V.,  and  Greear,  J.  F.  Ill,  UNDERWATER  ESCAPE  FROM  HELICOPTERS. 
Naval  Safety  Center,  Norfolk,  Virginia;  paper  presented  at  the  11th 
Annual  Symposium  of  the  Survival  and  Flight  Equipment  Association, 
Phoenix,  Arizona,  October  7-11,  1973, 

120.  Ryack,  B.  L.,  et  al . ,  THE  EFFECTIVENESS  OF  ESCAPE  HATCH  ILLUMINATION  AS 
AN  AID  TO  EGRESS  FROM  A  SUBMERGED  HELICOPTER,  Report  No.  856,  Naval  Sub¬ 
marine  Medical  Research  Laboratory,  Groton,  Connecticut,  November  1977. 


121.  Davidson,  A.  F.,  THE  PRINCIPLES  OF  UNDERWATER  ESCAPE  FROM  AIRCRAFT, 
AGARD;  AGARDograph  NO.  230,  AU-A048817. 

122.  Smith,  P.  F.,  Luria,  S.  M,,  and  Ryack,  B.  L.,  LUMINANCE-THRESHOLDS  OF 
THE  WATER- IMMERSED  EYE,  Report  No.  857,  Naval  Submarine  Medical  Re¬ 
search  Laboratory,  Groton,  Connecticut,  March  1978. 


192 


REFERENCES  (CONTD) 


123. 

124. 

125. 

126. 

127. 

128. 

129. 

130. 

131. 

132. 

133. 

134. 

135. 


Luria,  S.  M.,  Ryack,  B.  L.,  and  Neri,  D.  F.,  DESIRABLE  CHARACTERISTICS 
OF  UNDERWATER  LIGHTS  FOR  HELICOPTER  ESCAPE  HATCHES,  Naval  Submarine 
Medical  Research  Laboratory,  Warminister,  Pennsylvania,  September  1982, 
AD-A120331 


Tyburski,  J.  J.,  HELICOPTER  CRASH  SURVIVABILITY  AND  EMERGENCY  ESCAPE, 
Safe  Journal .  Vol .  14,  No.  2,  1984,  pages  22  through  32. 

Saczalski,  K.,  et  al.f  eds.,  AIRCRAFT  CRASHWORTHINESS,  Charlottesville, 
Virginia,  University  Press  of  Virginia,  1975,  pp.  645-667. 

Veghte,  J.  D.,  COLD  SEA  SURVIVAL,  Aerospace  Medicine.  Vol.  42,  Nc.  5, 
Kay  1972. 


Air  Force  Systems  Command,  DESIGN  NOTE  3Q6;  in  AFSC:  DH  1-6,  System 
Safety.  4th  Edition,  Wright-Patterson  Air  Force  Base,  Ohio,  July  1974. 

McFadden  and  Swearingen,  FORCES  THAT  MAY  BE  EXERTED  BY  MAN  IN  THE  OPER¬ 
ATION  OF  AIRCRAFT  DOOR  HANDLES,  Journal  of  the  Human  Factors  Society  of 
America,  Vol.  1,  No.  1,  September  1958. 


Nicholson,  D.  t.,  and  Burkdoli ,  F.  B.,  AN  EMERGENCY  LIFE-SAVING  INSTANT 
EXIT  SYSTEM  FOR  CARGO,  CARGO-TRANSPORT  AND  PASSENGER  AIRCRAFT,  Explo¬ 
sive  Technology;  ASD  Technical  Report  71-41,  Aeronautical  Systems 
Division,  Air  Force  Systems  Command,  Wright-Patterson  Air  Force  Base, 
Ohio,  June  1971,  AD  736056. 


Federal  Aviation  Regulations,  AIRWORTHINESS  STANDARDS :  TRANSPORT  CATE¬ 
GORY  ROTORCRAFT,  Part  29,  Section  29.811 

Military  Specification,  MIL-L-6503,  LIGHTING  EQUIPMENT,  AIRCRAFT,  GEN¬ 
ERAL  SPECIFICATION  FOR  INSTALLATION  OF,  Department  of  Defense,  Washing¬ 
ton,  DC,  2  April  1975. 

Federal  Aviation  Regulations,  AIRWORTHINESS  STANDARDS;  TRANSPORT  CATE¬ 
GORY  AIRPLANES,  Part  25,  Section  25.812. 


Chesterfield,  B.  P.,  Rasmussen,  P.  G.,  arid  Dillon,  R.  D.,  CMERGENCY 
CABIN  LIGHTING  INSTALLATIONS;  AN  ANALYSIS  OF  CEILING  VERSUS  LOWER 
CABIN-MOUNTED  LIGHTING  DURING  EVACUATION  TRIALS,  FAA  Civil  Aeromedical 
Institute;  FAA-AM-81,  Office  of  Aviation  Medicine,  Washington,  DC, 
February  1981,  AD-A103191. 

Garner,  0.  D.,  and  Lowrey,  D.  L.,  EXIT  SIGN  COMPARISONS  IN  CLEAR  AIR 
AND  SMOKE,  unpublished  paper  presented  at  an  A-20  meeting,  Society  of 
Automotive  Engineers,  New  York,  December  1976. 

Rasmussen,  P.  G.,  Chesterfield,  B.  P.,  and  Lowrey,  D.  L.,  READABILITY 
OF  SELF- ILLUMINATED  SIGNS  OBSCURED  BY  BLACK  FUEL-FIRE  SMOKE,  FAA  Civil 
Aeromedical  Institute;  FAA-AM-80-13,  Office  of  Aviation  Medicine,, 
Washington,  DC,  July  1980,  AD-A092529. 


193 


REEESM&SJXfiHTJli 


136.  Technical  Bulletin  746  ^3-2,  PAINTING  AND  MARKING  OF  ARMY  AIRCRAFT, 
Department  of  the  Army,  Washington,  DC,  January  1971. 

137.  EMERGENCY  LOCATOR  TRANSMITTERS:  AN  OVERVIEW,  Report  No.  NTSB-AAS-78-1 
National  Transportation  Safety  Board,  Washington,  DC,  26  January  1978. 


138.  MINIMUM  OPERATIONAL  PERFORMANCE  STANDARDS  FOR  EMERGENCY  LOCATOR  TRANS¬ 
MITTERS,  AUTOMATIC  FIXED  -  ELT  (AF),  AUTOMATIC  PROTABLE  -  ELT  (AP), 
AUTOMATIC  DEPLOYABLE  -  ELI  (AD),  SURVIVAL  -  ELT  (S),  OPERATING  ON  121.5 
AND  243.0  MEGAHERTZ,  Document  No.  RTCA/00-183,  Radio  Technical  Commis¬ 
sion  for  Aeronautics,  May  19E3. 

139.  Federal  Aviation  Technical  Order,  EMERGENCY  LOCATOR  TRANSMITTERS, 

(TSO)  C91a. 

140.  Carden,  H.  D.,  EVALUATION  OF  EMERGENCY  LOCATOR-TRANSMITTER  PERt-ORMANCE 
IN  REAL  AND  SIMULATED  CRASH  TESTS,  NASA  Technical  Memorandum  81960, 
NASA,  April  1981. 

141.  Oilier,  R.  W.,  DESIGN,  DEVELOPMENT,  AND  FABRICATION  OF  A  CRASH  SENSOR 
FOR  MILITARY  HELICOPTERS,  Technar,  Tnc.  and  Aircaft  and  Crew  Systems 
Technology  Directorate;  Report  No.  NADC-81310-60,  Naval  Air  Systems 
Command,  Washington,  DC,  November  1931,  AD- A1 23422. 

142.  Hall,  H.  S,,  and  Jackson,  D.,  AIRCRAFT  CRASH  SENSING  STATE  OF  THE  ART 
SENSOR  STUDY,  Crash  Research  Institute;  CRI  Report  7846-15,  National 
Aeronautics  and  Space  Administration,  Grcsnbelt,  Maryland,  April  1980. 

143.  Hall .  D.  5.,  SYSTEM  DESIGN  FOR  IMPROVED  CRASH  SENSOR  FOR  EMERGENCY 
LOCATOR  TRANSMITTERS,  Crash  Research  Institute;  CRI  Report  7917, 
National  Aeronau  .ics  and  Space  Administration,  Greenbelt,  Maryland, 

June  1982. 

144.  EMERGENCY  LOCATOR  TRANSMITTER  (ELT)  EQUIPMENT  INSTALLATION  AND  PERFORM¬ 
ANCE,  Document  No.  RTCA/DO-182,  Radio  Technical  Commission  for  Aero¬ 
nautics,  November  1982. 

145.  EMERGENCY  LOCATOR  TRANSMITTER  (ELT)  BATTERIES  GUIDANCE  AND  RECOMMEN¬ 
DATION,  Document  No.  TRCA/DO-188,  Radio  Technical  Commission  for  Aero¬ 
nautics,  November  1984. 

146.  Haynes,  G.  A.,  et  al.,  PERFORMANCE  OF  ALKALINE  BATTERY  CELLS  USF.D  IN 
EMERGENCY  LOCATOR  TRANSMITTERS,  NASA  Technical  Paper  2277,  NASA,  March 
1984. 

H*.  Pesman,  G.  J.,  APPRAISAL  OF  HAZARDS  TO  HUMAN  SURVIVAL  IN  AIRPLANE  CRASH 
FIRES,  NACA  Technical  Note  2996,  Lewis  Flight  Propulsion  Laboratory, 
National  Advisory  Committee  for  Aeronautics,  Cleveland,  Ohio,  Septem¬ 
ber  1953, 


194 


REFERENCES  fCONTPl 


148.  Moritz,  A.  R. ,  M.D.,  et  al.,  AN  EXPLORATION  OF  THE  CASUALTY  PRODUCING 
ATTRIBUTES  OF  CONFLAGRATIONS:  LOCAL  AND  SYSTEMIC  EFFECTS  OF  GENERAL 
CUTANEOUS  EXPOSURE  TO  EXCESSIVE  HEAT  OF  VARYING  DURATION  AND  INTENSITY, 
Archives  of  Pathology.  Vol .  43,  1947,  pp.  466-502. 

149.  Bieberdorf,  F.  W.,  and  Yuill,  C.  H.,  AN  INVESTIGATION  OF  THE  HAZARDS  OF 
COMBUSTION  PRODUCTS  IN  BUILDING  FIRES,  Southwest  Research  Institute, 

San  Antonio,  Texas,  14  October  1963. 

150.  Buettner,  K.,  Ph.D.,  EFFECTS  OF  EXTREME  HEAT  ON  MAN,  Journal  of  the 
American  Medical  Association.  Vol.  144,  October  1950,  pp.  732-740. 

151.  Henriques,  F.  C.,  Jr.,  Ph.D.,  THE  PREDICTABILITY  AND  THE  SIGNFICANCE  OF 
THERMALLY  INDUCED  RATE  PROCESSES  LEADING  TO  IRREVERSIBLE  EPIDERMAL  IN¬ 
JURY,  Archives  of  Pathology.  Vol.  43,  1947,  pp.  489-502. 

152.  Moritz,  A.  R.,  M.D.,  et  al . ,  THE  EFFECTS  OF  INHALED  HEAT  ON  THE  AIR 
PASSAGES  AND  LUNGS,  American  Journal  of  Pathology.  Vol.  21,  March  1945, 
pp.  311-331. 

153.  Moritz,  A.  R.,  M.D.,  et  al.,  THE  RELATIVE  IMPORTANCE  OF  TIME  AND  SUR¬ 
FACE  TEMPERATURES  IN  CAUSATION  OF  CUTANEOUS  BURNS,  American  Journal  of 
Pathology.  Vol.  23,  1947,  pp.  695-720. 


/ 


195 


Aerospav  Recommended  Practice,  AIRCRAFT  EVACUATION  SIGNAL  SYSTEM,  ARP  1178, 
Society  of  Automotive  Engineers,  Inc.,  New  York,  July  1971. 

Aerospace  Recommended  Practice,  COMBINATION  EVACUATION  SLIDE/LIFE  RAFT,  ARP 
1282,  Society  of  Automotive  Engineers,  Inc.,  New  York,  July  1970. 

Aerospace  Recommended  Practice,  EMERGENCY  EVACUATION  ILLUMINATION,  ARP  503B, 
Society  of  Automotive  Engineers,  Inc.,  New  York,  Revised  August  1970. 

Aerospace  Recommended  Practice,  EMERGENCY  PLACARDING  -  INTERNAL  AND  EXTERNAL, 
ARP  577A,  Society  of  Automotive  Engineers,  Inc.,  New  York,  Revised  October 
1962. 

Aerospace  Recommended  Practice,  ESCAPE  PROVISIONS,  FLIGHT  DECK,  ARP  808A, 
Society  of  Automotive  Engineers,  Inc.  New  York,  Revised  December  1970. 

Aerospace  Recommended  Practice,  EXITS  AND  THEIR  OPERATION  -  AIR  TRANSPORT 
CABIN  EMEGF.NCV,  ARP  48SB,  Society  of  Automotive  Engineers,  Inc.,  New  York, 
Revised  October  1973. 

Aerospace  Recommended  Practice,  PASSENGER  CABIN  EMERGENCY  EQUIPMENT  STOWAGE, 
ARP  997,  cociety  of  Automotive  Engineers,  Inc.  New  York,  August  1967. 

Aerospace  Recommended  Practice,  STOWAGE  OF  FLIGHT  CREW'S  SURVIVAL  EMERGENCY 
AND  MISCELLANEOUS  EQUIPMENT,  ARP  917,  Society  of  Automotive  Engineers,  Inc., 
New  York,  March  1966. 

Aerospace  Recommended  Practice,  SURVIVAL  KIT  --  LIFE  RAFTS  AND  SLIDE  RAFTS, 
ARP  1282,  Society  of  Automotive  Engineers,  Inc.,  New  York,  July  1973. 

A  REPORT  OF  OBSERVED  EFFECTS  ON  ELECTRICAL  SYSTEMS  OF  AIRBORNE  CARBON- 
GRAPHITE  FIBERS,  NASA  Technical  Memorandum  78652,  January  1978. 

AIRCRAFT  FIRE  SAFETY,  AGARD-LS-I23,  Advisory  Group  for  Aerospace  Research  and 
Development,  Neuilly  sur  Seine,  France,  May  1382,  AD-A116  380. 

Allan,  J.  R.,  and  Ward,  F.  R.  C.,  EMERGENCY  EXITS  FOR  UNDERWATER  ESCAPE  FROM 
ROTORCRAFT,  Aircrew  Equipment  Group  Report  No.  528,  Royal  Air  Force  Institute 
of  Aviation  Medicine,  January  1986. 

Anderson,  M.  C.,  and  Burkdoll,  F.  B.,  AN  EMERGENCY  LIFE-SAVING,  INSTANT  EXIT 
SYSTEM  FOR  CARGO,  CARGO-TRANSPORT  AND  PASSENGER  AIRCRAFT,  VOLUME  II,  Explo¬ 
sive  Technology;  ASD  Technical  Report  71-41,  Aeronautical  Systems  Division, 
Air  Force  Systems  Command,  Wright-Patterson  Air  Force  Base,  Ohio,  February 
1974,  AD  778824. 

Anson,  B.,  EVALUATION  OF  SELF-SEALING  BREAKAWAY  VALVES  FOR  CRASHWORTHY  AIR¬ 
CRAFT  FUEL  SYSTEMS,  Dynamic  Science  Engineering  Operations;  USAAMRDL  Techni¬ 
cal  Report  71-65,  Eustis  Directorate,  U.  S.  Army  Air  Mobility  Research  and 
Development  Laboratory,  Fort  Eustis,  Virginia,  November  1971,  AD  738204. 


BIBLIOGRAPHY  (CONTD) 


Arnold,  D.  B.,  Burnside,  J.  V.,  and  Hajari,  J.  V.,  DEVELOPMENT  OF  LIGHTWEIGHT 
FIRE-RETARDANT,  LOW-SMOKE  HIGH-STRENGTH,  THERMALLY  STABLE  AIRCRAFT  FLOOR 
PANELING,  Boeing  Commercial  Airplane  Company;  Technical  Report 
NASA-CR-147750,  National  Aeronautics  and  Space  Administration,  Houston, 

Texas,  April  1976. 

Asher,  W.  J.,  CONCEPTUAL  DESIGN  STUDY  OF  D EMULSIFICATION  OF  FUEL  EMULSIONS  BY 
A  COALEXCENCE  PROCESS,  Esso  Reserach  and  Engineering  Cp . ;  USAAVLA3S  Technical 
Report  69-16,  U.S.  Army  Aviation  Material  laboratories,  Fort  Eustis,  Vir¬ 
ginia,  April  1969,  AD  688973. 

Bement,  L.  J.,  and  Schimmel,  M.L.,  ADVANCED  EMERGENCY  OPENINGS  FOR  COMMERCIAL 
AIRCRAFT,  NASA  Technical  Memorandum  87580,  NASA  Scientific  and  Technical 
Information  Branch,  1985. 

Benner,  L.,  Jr.,  et  al.,  STUDY  OF  GENERAL  AVIATION  FIRE  ACCIDENTS  (1974- 
1983),  DOT-FAA  Technical  Center,  Report  No.  DOT/FAA/CT-86/24,  February  1987. 

Berry,  V.  L.,  Cronkhite,  J.  D.,  and  Haas,  T.  J.,  YAH-63  HELICOPTER  CRASH- 
WORTHINESS  SIMULATION  AND  ANALYSIS,  USAAVRADCCM-TR-82-D-34,  U.S.  Army  Re¬ 
search  and  Technology  Laboratories  (AVRADCOM).  Fort  Eustis.  Virginia,  Febru¬ 
ary  1983. 

Blake,  N.  A.,  CONTROLLED  IMPACT  DEMONSTRATION  REVIEW.  SAE  Technical  Paper 
eries.  Aerospace  Technology  Conference  and  Exposition,  Long  Beach,  Cali¬ 
fornia,  October  1985. 

Bridgman,  A.L.,  and  Nelson,  G.L.,  HEAT  RELEASE  RATE  CALORIMETRY  OF  ENGI¬ 
NEERING  PLASTICS,  Journal  of  Fire  and  Flammability.  Volume  13,  April  1982, 
pp.  114. 

Brooks,  C.  J.,  and  Rowe,  K.  W.,  HATER  SURVIVAL  -  20  YEARS  CANADIAN  FORCES 
AIRCREW  EXPERIENCE,  Defence  and  Civil  Institute  of  Environmental  Medicine; 
DCIF  Report  No.  82-R-61,  Department  of  National  Defence  -  Canada,  Ontario, 
Canada,  November  1982. 

Bruggink,  G.,  EMERGENCY  LANDING  AND  DITCHING  TECHNIQUES  IN  HELICOPTERS,  U.  S. 
Army  Board  for  Aviation  Accident  Research,  Fort  Rucker,  Alabama,  January 
1968. 

Byerley,  D.  L.,  EVALUATION  OF  VARIOUS  SIZES  AND  CONFIGURATIONS  OF  FUEL  TANKS, 
Firestone  Tire  &  Rubber  Co.;  USAAMRDL  Technical  Report  73-74,  Eustis  Direc¬ 
torate,  U.  S.  Army  Air  Mobility  Research  and  Development  Laboratories,  Fort 
Eustis,  Virginia,  December  1973,  AD  777801. 

Cagl iostro,  D.  E.,  A  USER-OPERATED  MODEL  TO  STUDY  STRATEGY  IN  AIRCRAFT  EVACU¬ 
ATION.  J.  Aircraft.  Volume  21,  No.  12,  December  1984. 

CARBON  FIBER  RISK  ANALYSIS,  Industry/Government  Briefing  held  at  Langley  Re¬ 
search  Center,  Hampton,  Virginia,  October  31  -  November  1,  1978. 


197 


mummumm 


Carden,  H.  D.,  CORRELATION  AND  ASSESSMENT  OF  STRUCTURAL  AIRPLANE  CRASH  TATA 
WITH  FLIGHT  PARAMETERS  AT  IMPACT,  NASA  Technical  Paper  2083,  Langley  Research 
Center,  Hampton,  Virginia,  November  1982. 

Carhart,  H.  W.,  Pinkel,  I.  I.,  Warren,  J.  H.,  AIRCRAFT  KEROSENE  VERSUS  W29-- 
CUT  FUEL-SAFETY  CONSIDERATIONS,  paper  presented  at  Air  Transportation  Meeting 
at  New  York  City,  Society  of  Automotive  Engineers,  New  York,  May  1976. 

Catiller,  J.  B.,  Major,  USAF,  ed.,  AIRCRAFT  FIRE  SAFETY,  AGARD  Conference 
Proceedings  No.  166,  North  Altantic  Treaty  Organization,  Advisory  Group  for 
Aeroioace  Research  and  Development,  Neuilly-sur-Seine,  France.  October  1975, 
AD  AO 181 80. 


Coltmar.,  J.  W.,  Domzalski,  L.,  and  Arndt,  S.  M.,  EVALUATION  OF  THF  CRASH 
ENVIRONMENT  FOR  U.S.  NAVY  HELICOPTERS...  THE  HAZARDS  AND  NAVY  RESPONSE,  pre¬ 
sented  at  Crashworthy  Design  of  Rotorcraft,  American  Helicopter  Society. 
Georgia  Institute  of  Technology,  Atlantar  Georgia,  April  1986. 


Com i risky,  A.,  STUDY  OF  AIRCRAFT  CRASHWORTHINESS  FOR  FIRE  PROTECTION,  Contract 
NAS2-1Q383,  Ames  Research  Center,  Moffett  Field,  California,  January  1581- 


Cook,  R.  L.,  et  al 


!!STTriM  f*r  Tur  i 


'H-ID/H  HELICOPTER  CRASHWORTHY  FUEL 


SYSTEM  IN  A  CRASH  ENVIRONMENT,  Dynamic  Science  Engineering  Operations, 
Phoenix,  Arizona,  November  1971. 


Federal  Aviation  Administration,  AIR  CARRlEk  CABIN  SAFETY  -  A  SURVEY,  Depart¬ 
ment  of  Transportation,  Federal  Aviation  Administration,  Washington,  D.C., 
December  1976,  AD  AQ37906, 


Field  Manual  20-151,  AIRCRAFT  EMERGENCY  PROCEDURES  OVER  WATER,  Department  of 
the  Army,  Washington,  DC,  November  1968. 

FIRE  SAFETY  ASPECTS  OF  POLYMERIC  MATERIALS,  VOLUME  6  -  AIRCRAFT:  CIVIL  AND 
MILITARY,  Publication  NMAB  318-6,  National  Materials  Advisory  Board,  National 
Academy  of  Sciences,  Washington,  D.C.,  1977. 

Geyer,  G.  B.,  EFFECT  OF  GROUND  CRASH  FIRE  ON  AIRCRAFT  FUSELAGE  INTEGRITY, 
Report  No.  NA-69-37,  Department  of  Transportation,  Federal  Aviation  Admini¬ 
stration,  National  Aviation  Facilities  Experimental  Center,  Atlantic  City, 

New  Jersey,  December  1969,  AD  698806. 

Gilewicz,  A.  E. ,  ASSESSMENT  OF  THE  BENEFITS  OF  AIRCRAFT  CRASHWORTHINESS, 
USAAAVS  System  Safety  Newsletter,  U.  S.  Army  Agency  fo\  Aviation  Safety,  Vol . 
5,  No.  3,  1976. 

Grand,  A.  F.,  and  Valys,  A.  ,1. ,  ASSESSMENT  OF  BURNING  CHARACTERISTICS  OF  AIR¬ 
CRAFT  INTERIOR  MATERIALS,  Southwest  Research  Institute;  156390,  NASA,  Ames 
Research  Center,  Moffett  Field,  California,  April  1982. 

Hall,  D.  S.,  A  DESCRIPTION  OF  THE  GENERAL  AVIATION  FIXED  WING  ACCIDENT,  SAFE 
Journal .  Volume  U,  Ho.  J. 


198 


BIBLIOGRAPHY  (COHTD) 


Hall,  D.  S.,  ENGINEERING  AND  SUPPORT  STUDY  FOR  THE  FIELD  TEST  AND  EVALUATION 
OF  THE  406  MhZ  ELT  TEST  UNIT,  NASA/Goddard  Space  Flight  Center,  Greenbelt, 
Maryland,  March  1985. 

Hall,  D.  S.,  FIELD  STUDY  OF  EMERGENCY  LOCATOR  TRANSMITTERS  INSTALLED  IN  GEN¬ 
ERAL  AVIATION  AIRCRAFT,  Goddard  Space  Flight  Center,  Greenbelt,  Maryland, 
Nrvember  1980. 

Hall,  0.  F.,  PREDICTION  OF  TOLERANCE  IN  COLD  WATER  AND  LIFE  RAFT  EXPOSURES, 
Aerospace  Medicine.  Vol ,  43,  No.  3,  March  1972. 

Hall,  J.  R.,  J”.,  and  Stiefel,  S.  W.,  DECISION  ANALYSIS  MODEL  FOR  PASSENGER 
AIRCRAFT  FIRE  SAFETY  WITH  APPLICATION  TO  FIRE-BLOCKING  OF  SEATS,  Center  for 
Fire  Research;  DQT/FAA/CT-84/8,  U.S.  Department  of  Transportation,  Atlantic 
City  Airport,  New  Jersey,  March  1984,  AD-A142  477. 

Harris,  J.  C.,  and  Steinmetz,  E.  A.,  OPTIMIZATION  OF  JP-4  FUEL  EMULSIONS  AND 
DEVELOPMENT  OF  DESIGN  CONCEPTS  FOR  THEIR  DEMULSIFICATION,  USAAVLABS  Technical 
Report  68-79,  U,  S.  Army  Aviation  Materiel  Laboratories,  Fort  Eustis,  Vir¬ 
ginia,  November  1968,  AD  58359'/. 

Harvey,  E.  A.,  ana  Jensen,  D.  L.,  PRECISION  SURVIVOR  LOCAIOR  FOR  StARCH  AND 
RESCUE  APPLICATIONS,  paper  presented  at  29th  Annual  National  Forum  of  the 
American  Helicopter  Societv  in  Washington,  D.C.,  American  Helicopter  Society, 
New  York,  May  1973. 

Harvey,  T.,  and  Monarch,  J.,  ENVIRONMENTAL  TESTING  CF  A  GAS  TURBINE  ENGINE 
UTILIZING  EF4-101  EMULSIFIED  JP-4  FUEL,  USAAVLABS  Technical  Report  68-55, 

U.  S.  Army  Aviation  Materiel  Labora  Lories,  Fort  Eu:tis,  Virginia,  August 
1968,  AD  67420D. 

Hibbard,  R.  K,  and  Hacker,  P.  T.,  AN  EVALUATION  OF  THE  RELATIVE  FIRE  HAZARDS 
OF  -JET  A  AND  JET  B  FOR  COMMERCIAL  FLIGHT,  NASA  Technical  Memorandum  X-71437, 
Lewis  Research  Center,  National  Aeronautics  and  Space  Administration, 
Washington,  D.C.,  October  1973. 

Hilado,  C.  J.,  SMOKE  FROM  CElLULAR  POLYMERS,  Fire  Technology,  May  1969, 
p.  130. 

INSTALLATION  OF  PLASTIC  FOAM  AND  METALLIC  MESH  IN  FUEL  TANKS  OF  HELICOPTERS 
AND  SMALL  AIRPLANES,  Advisory  Circular,  20. /X,  Federal  Aviation  Admini¬ 
stration,  April  1984. 

Institute  for  Research,  Inc . ,  DEVELOPMENT  OF  A  PROTECTIVE,  DECORATIVE,  FIRE- 
RESISTANT,  LOW-SMOKE  EMITTING,  THERMALLY  STABLE  COATING  MATERIAL,  Report 
No.  N  76-18234,  Houston,  Texas,  January  1976. 

Johnson,  N.  B.,  CRASHWORTHY  FULL  SYSTEM  DESIGN  CRITERIA  AND  ANALYSIS,  Dynamic 
Science;  USAAVLABS  Technical  Report  71-8,  Eustis  Directorate,  U.  S.  Army  Air 
Mobility  Research  and  Development  Laboratories,  Fort  Eustis,  Virginia, 

March  1971,  AD  723988. 


199 


BIBLIOGRAPHY  (CONTP) 


Johnson,  R.  A.,  STUDY  ON  TRANSPORT  AIRPLANE  UNPLANNED  WATER  CONTACT, 
DOT/FAA/CT-84/3,  Federal  Aviation  Administration  Technical  Center,  Atlantic 
City  Airport,  New  Jersey,  February  1984. 

Klrsch,  P.  A.,  and  Jahnle,  H.  A.,  ENERGY  ABSORPTION  OF  GLASS  POLYESTER  STRUC¬ 
TURES,  SAE  Technical  Paper  810233,  Society  of  Automotive  Engineers,  Inc., 
Warrendale,  Pennsylvania,  February  1981. 

Kosvic,  T.  C.,  Holgeson,  N.  L.,  and  Breen,  B.  P.,  FLIGHT  VIBRATION  AND 
ENVIRONMENTAL  EFFECTS  ON  FORMATION  OF  COMBUSTIBLE  MIXTURES  WITHIN  AIRCRAFT 
FUEL  TANKS,  Dynamic  Science;  USAAVLABS  Technical  Report  70-43,  U.  S.  Army 
Aviation  Materiel  Labora  tories,  Fort  Eustis,  Virginia,  September  1970, 

AD  875901 . 

Kourtides,  D.  A.,  and  Parker,  J.  A.,  Inventors,  LOW  DENSITY  BISMALEIMIDE- 
CARBON  MICROBALLOON  COMPOSITES,  NASA  Case  No.  ARC-11040-1,  NASA-Ames  Research 
Center,  National  Aeronautics  and  Space  Administration,  Washington,  D.C., 
filed  March  16,  1977. 

Kourtides,  D.  A.,  and  Parker,  J.  A.,  THE  RELATIVE  FIRE  RESISTANCE  OF  SELECT 
THERMOPLASTIC  MATERIALS,  Plastics  Design  &  Processing.  April  1978. 

Kuhn,  R.  L.,  Potts,  W.  J.,  and  Waterman,  T.  E.,  A  STUDY  OF  THE  INHALATION 
TOXICITY  OF  SMOKE  PRODUCED  UPON  PYROLYSIS  AND  COMBUSTION  OF  POLYETHYLENE 
FOAMS,  Fire  Retardants:  Proceedings  of  1978  Conference  on  Flammability  and 
Fire  Retardants.  Westport,  Connecticut,  Technomic  Publishing  Co.,  1978. 

Madgwick,  T.,  AIRCRAFT  POSTCRASH  FIRE  REDUCTION/SURVIVABILITY  ENHANCEMENT 
FROM  A  MANUFACTURER'S  VIEWPOINT,  AGARD.  AGARD-LS-123,  North  Atlantic  Treaty 
Organization,  1982. 

Malmberg,  Q.  C.,  and  Wiggins,  E.  W.,  ADVANCED  FLAME  ARRESTOR  MATERIALS  AND 
TECHNIQUES  FOR  FUEL  TANK  PROTECTION,  McDonnell  Douglas  Corp.;  Technical 
Report  72-12,  Air  Force  Aero  Propulsion  Laboratory,  Wright-Patterson  Air 
Force  Base,  Ohio,  March  1972,  AD  743016. 

Malmberg,  Q.  C.,  INTEGRATED  AIRCRAFT  FUEL  TANK  FIRE  AND  EXPLOSION  PROTECTION 
SYSTEMS-PHASE  I  AND  II,  McDonnell  Douglas  Corp.,  St.  Louis,  Missouri, 

AD  A020589. 

Mason,  R.  V.,  SMOKE  AND  TOXICITY  HAZARDS  IN  AIRCRAFT  CABIN  FURNISHINGS, 

Annual  of  Occupational  Hygiene,  Vol .  17,  1974,  pp.  159-165. 

McDonald,  W.  C.,  NEW  ENERGY-ABSORBING  MATERIALS  FOR  CRASH-RESISTANT  FUEL 
TANKS,  Goodyear  Aerospace  Corporation;  presented  at  National  Business  Air¬ 
craft  Meeting,  Wichita,  Kansas,  Society  of  Automotive  Engineers,  New  York, 
April  1968. 

McFadden,  E.  B.,  FLOTATION  AND  SURVIVAL  EQUIPMENT  STUDIES,  FAA  Civil  Aero- 
medical  Institute;  FAA-AM-78-1,  Office  of  Aviation  Medicine,  Washington, 

D.C.,  January  1978. 


200 


) 

J 


Miller,  R.  E.,  and  Wllford,  S.  P.,  THE  DEVELOPMENT  OF  AN  AIRCRAFT  SAFETY 
FUEL,  Royal  Aircraft  Establishment,  England;  Report  No.  A76-14419,  American 
Institute  of  Aeronautics  and  Asstronautlcs,  New  York,  April  1975. 

Nagata,  J.  1.,  Voss,  J.  S.,  and  Williams,  R.  A.,  PRELIMINARY  AIRWORTHINESS 
EVALUATION  AH- IS  (MC)  HELICOPTER  WITH  EXTERNAL  FUEL  TANKS  INSTALLED, 

USAAEFA  84-09,  U.S.  Army  Aviation  Engineering  Flight  Activity,  Edwards  Air 
Force  Base,  California,  July  1984. 

Nissley,  P.  M.,  Held,  T.  L.,  STRUCTURAL  DESIGN  FOR  FUEL  CONTAINMENT  UNDER 
SURVIVABLE  CRASH  CONDITIONS,  General  Dynamics/Convair;  FAA  Technical  Report 
ADS-19,  Department  of  Transportation,  Federal  Aviation  Administration, 
Washington,  DC,  August  1964. 

PIPER  NAVAJO  FUEL  TANKS  FAA  CRASH  RESISTANT  MODIFICATIONS  TANKS  AND  TESTING, 
Final  Report  FC  1641-77,  Contract  D0T-FA75NA-2122,  Project  Number  5-75-10i7, 
Uniroyal,  Inc.,  Engineered  Systems  Department,  Mishawaka,  Indiana, 

March  1977. 

PIPER  NAVAJO  FUEL  TANKS  FAA  CRASH  RESISTANT  MODIFICATIONS  TANKS  AND  TESTING, 
Final  Report  FC-1641-77,  Contract  D0T-FA75NA-2122,  Project  Number  5-75-1017, 
Uniroyal,  Inc.,  Engineered  Systems  Qenartment.  Mishawaka.  Indiana.  March 
1977. 


Pedriani,  C.  M.,  A  STUDY  OF  THE  FUEL/AIR  VAPOR  CHARACTERISTICS  IN  THE  ULLAGE 
OF  AIRCRAFT  FUEL  TANKS,  USSAVLABS  Technical  Note  3,  U.  S.  Army  Aviation 
Materiel  Laboratories,  Fort  Eustis,  Virginia,  June  1970. 

Pedriani,  C.  M.,  DESIGN  CRITERIA  FOR  PREVENTION  OF  FIRES  FROM  API  IMPACTS  IN 
VOIDS  ADJACENT  TO  HELICOPTER  FUEL  TANKS,  USAAMRDL  Technical  Note  20,  Eustis 
Directorate,  U.  S.  Army  Air  Mobility  Research  and  Development  Laboratory, 
Fort  Eustis,  Virginia,  August  1975,  AD  B006677L. 


pedriani,  C.  M.,  EXPERIMENTAL  DETERMINATION  OF  THE  IGNITION  LIMITS  OF  Jr-4 
FUEL  WHEN  EXPOSED  TO  CALIBER  .30  INCENDIARY  PROJECTILES,  USAAMRDL  Technical 
Report  71-48,  Eustis  Directorate,  U.  S.  Army  Air  Mobility  Research  and 
Development  Laboratory,  Fort  Eustis,  Virginia,  July  1971,  AD  730343. 


Pedriani,  C.  M. ,  INCENDIARY  GUNFIRE  EVALUATION  OF  A  CONDENSATE -FORMED  FUEL 
FOG  INERTING  SYSTEM,  USAAMRDL  Technical  Note  15,  Eustis  Directorate,  U.  S. 
Army  Air  Mobility  Research  and  Development  Laboratory,  Fort  Eustis,  Virginia, 
May  1974,  AD  780837. 


Perrolla,  W.  N.,  Jr.,  TESTS  OF  CRASH  RESISTANT  FUEL  SYSTEM  FOR  GENERAL  AVI¬ 
ATION  AIRCRAFT,  Department  of  Transportation,  Federal  Aviation  Admini¬ 
stration,  Washington,  D.C.,  March  1978. 


Quintiere,  J.  G.,  AN  ASSESSMENT  OF  CORRELATIONS  BETWEEN  LABORATORY  AND  FULL- 
SCALE  EXPERIMENTS  FOR  THE  FAA  AIRCRAFT  FIRE  SAFETY  PROGRAM,  PART  2:  RATE  OF 
ENERGY  RELEASE  IN  FIRE,  National  Bureau  of  Standards;  D0T/FAA/CT82/108,  Fed¬ 
eral  Aviation  Administration,  Atlantic  City,  New  Jersey,  J  fly  1982, 
PB83-113530. 


201 


BIBLIOGRAPHY  (CONTP) 


Quintiere,  J.  G.,  Babrauskas,  V.,  Cooper,  L.,  Harkleroad,  M.,  and  Steckler, 
K.,  THE  ROLE  OF  AIRCRAFT  PANEL  MATERIALS  IN  CABIN  FIRES  AND  THEIR  PROPER¬ 
TIES,  National  Bureau  of  Standards;  D0T/FAA/CT-84/30,  U.S.  Department  of 
Transportation,  Atlantic  City  Airport,  New  Jersey,  June  1985,  AD-A168  251. 

Rasmussen,  P.  G.,  Garner,  J.  D.,  81ethrow,  J.  G.,  and  Lowrey,  D.  L.,  READ¬ 
ABILITY  OF  SELF- ILLUMINATED  SIGNS  IN  A  SMOKE-OBSCURED  ENVIRONMENT,  FAA  Civil 
Aeromedlcal  Institute;  FAA-ARD-79-108,  Office  of  Aviation  Medicine,  Washing¬ 
ton,  D.C.,  November  1979,  AD-A081  260. 

Reed,  T.  0.,  EFFECTS  OF  POLYURETHANE  FOAM  ON  FUEL  SYSTEM  CONTAMINATION,  Tech¬ 
nical  Memorandum  ENJI-70-10,  Fluid  Systems  Branch,  Directorate  of  Propulsion 
and  Power  Subsystems  Engineering,  Wright-Patterson  Air  Force  Base,  Ohio, 
November  1970. 

Ritter,  L.  C.,  APPLICATION  OF  FIBER-REINFORCED  THERMOPLASTIC  MATERIALS  TO 
ARMY  AIRCRAFT  STRUCTURES,  Boeing  Vertol  Company;  USAAVRADC0M-TR-83-D-30, 
Applied  Technology  Laboratory,  U.S.  Army  Research  and  Technology  Labor¬ 
atories,  Fort  Eustis,  Virginia,  August  1982 

Robertson,  S.  H.,  and  Turnbow,  J.  W.,  A  METHOD  FOR  SELECTING  A  CRASHWORTHY 
FUEL  SYSTEM  DESIGN,  AGARD,  Agard-CP-255,  North  Atlantic  Treaty  Organization, 
1978. 


Roebuck,  J.  A.,  Jr.,  NEW  CONCEPTS  FOR  EMERGENCY  EVACUATION  OF  TRANSPORT  AIR¬ 
CRAFT  FOLLOWING  SURVIVABLE  ACCIDENTS,  North  American  Rockwell  Corporation;  Re¬ 
port  No.  ADS-68-2,  Department  of  Transportation,  Federal  Aviation  Admini¬ 
stration,  Washington,  DC,  January  1968,  AD  665329. 

Ross,  J.  H.,  RECENT  DEVELOPMENTS  IN  COMMERCIAL  TIRE-RESISTANT  FIBROUS 
MATERIALS,  Safe  Engineering,  4th  Quarter-Midwinter,  1972-73,  pp  16-21, 

Ryack,  Bernard  L.,  Luria,  S.  M.,  and  Smith,  P.  F.,  SURVIVING  HELICOPTER 
CpA§HES  AT  SEA;  A  REVIEW  OF  STUDIES  OF  UNDFP.WATER  EGRESS  FROM  HELICOPTERS 
NAVAL  SUBMARINE  MEDICAL  RESEARCH^LABORATORY  REPORT  NUMBER  1054,' 'submarine'’’ 
Base,  Groton,  Connecticut,  June  1986. 

SAFETY  STUDY --AIR  CARRIER  OVERWATER  EMERGENCY  EQUIPMENT  AND  PROCEDURES, 
NTSB/SS-85/02,  National  Transportation  Safety  Board,  Washington,  D.C., 

June  1985. 

Saczalskl,  K.,  et  al,,  eds.,  AIRCRAFT  CF1SHW0RTH1NESS,  Charlotteville,  Vir¬ 
ginia,  University  Press  of  Virginia,  1975. 

Salmon,  R.  F.,  STUDY  OF  TURBINE  ENGINER  OPERATION  WITH  GELLED  FUELS,  Report 
No,  FAA-DS-70-6,  Department  of  Transportation,  Federal  Aviation  Admini¬ 
stration,  Washington,  DC,  May  1970,  AD  711765. 

San  Miguel,  A.,  and  Williams,  M.  D.,  ANTIMISTING  FUEL  SPuLAGE/AIR  SHEAR 
TESTS  AT  NAVAL  WEAPONS  CENTER,  Report  No.  FAA-RD-78-50,  Department  of 
Transportation,  Federal  Aviation  Administration,  Washington,  D.C.,  March 
1978,  AD  A056113. 


202 


RIPHPSRAPHY  (CPJffP.) 


j 


} 

\ 


Sarkos,  C.  P.,  and  Hill,  R.  6.,  EFFECTIVENESS  OF  SEAT  CUSHION  BLOCKING  LAYER 
MATERIALS  AGAINST  CABIN  FIRES,  paper  presented  at  the  Aerospace  Congress  & 
Exposition,  Society  of  Automotive  Engineers,  Inc.,  Anaheim,  California, 
October  25-28,  1982. 

Scheuerman,  H.  P.,  CRASH  RESISTANT  FUEL  SYSTEMS  DEMONSTRATIONS  AND  EVALU¬ 
ATION,  Report  No.  FAA-RD-71 -27,  National  Aviation  Facilities  Experimental 
Center,  Atlantic  City,  New  Jersey,  August  1971. 

Scull,  W.  D.,  RELATION  BETWEEN  INFLAMMABLES  AND  IGNITION  SOURCES  IN  AIRCRAFT 
ENVIRONMENTS,  Lewis  Flight  Propulsion  Laboratory;  NACA  Report  1019,  National 
Advisory  Committee  for  Aeronautics,  Cleveland,  Ohio,  1951. 


Smith,  H.  D.,  CRASH-RESISTANT  FUEL  TANKS  FOR  HELICOPTERS  AND  GENERAL  AVIATION 
AIRCRAFT,  presented  at  National  Business  Aircraft  Meeting,  Wichita,  Kansas, 
Society  of  Automotive  Engineers,  New  York,  April  1974. 


Smith,  K.  F.,  FULL  SCALE  CRASH  TEST  (T-41)  OF  THE  YAH-63  ATTACK  HELICOP¬ 
TER,  USAAVSCOM  TR-86-D-2,  U.S.  Army  Aviation  Research  and  Technology  Activity 
(AVSCOM),  Fort  Eustis,  Virginia,  April  1986. 


Cmi  -f  k  If 

•VII'  I  b||) 


r 

■  • » 


anrt  Fiirnnrcnn 

- -  1  3*" - 


R.  G.,  IMPLICATIONS  OF  A  SUCTION  FUFL  SYSTEM  ON 
THE  CONTAMINATION  TOLERANCE  OF  ARMY  HELICOPTERS,  USARTL-TN-33,  Applied  Tech¬ 
nology  Laboratory,  U.S.  Army  Research  and  Technology  Laboratories  (AVRADCOM) 
Fort  Eustis,  Virginia,  April  1979. 


Snow,  Clyde  C.,  et  al . ,  SURVIVAL  IN  EMERGENCY  ESCAPE  FROM  PASSENGER  AIRCRAFT, 
Civil  Aeromedical  Institute;  Report  No.  AM  70-16,  Department  of  Transpor¬ 
tation,  Federal  Aviation  Administration,  Washington,  D.C.,  October  1970, 

AD  735388. 


Snyder,  R.  G.,  ADVANCED  TECHNIQUES  IN  CRASH  IMPACT  PROTECTION  AND  EMERGENCY 
EGRESS  FROM  AIR  TRANSPORT  AIRCRAFT,  University  of  Michigan;  AGARDOGRAPH 
No.  221,  North  Atlantic  Treaty  Organization,  Advisory  Group  for  Aerospace 
Research  and  Development,  Neuilly-sur-Seine,  France,  June  1976,  AD  A029375. 

Snyder,  R.  G.,  CRASHWORTHINESS  INVESTIGATION  OF  GENERAL  AVIATION  ACCIDENTS, 
University  of  Michigan;  presented  at  National  Business  Aircraft  Meeting, 
Wichita,  Kansas,  Society  of  Automotive  Engineers,  New  York,  April  1975. 

Snyder,  R.  G.,  et  al.,  EMERGENCY  DITCHING  OF  GENERAL  AVIATION  AIRCRAFT,  Pro¬ 
ceedings  of  the  12th  Annual  Survival  and  Flight  Equipment  Symposium,  Septem¬ 
ber  1974. 


Snyder,  R.  S.,  U.  S.  EXPERIENCE  IN  WATER  DITCHING  OF  CIVIL  AIRCRAFT,  pre¬ 
sented  at  International  Congress  of  Aviation  and  Space  Medicine,  Beirut, 
Lebanon,  October  1974. 

Soltis,  S.,  Caiafa,  C.,  and  Wittlin,  G.,  FAA  STRUCTURAL  CRASH  DYNAMICS  PRO¬ 
GRAM  UPDATE  -  TRANSPORT  CATEGORY  AIRCRAFT,  SAE  Technical  Paper  851887,  SAE, 
Warrendale,  Pennsylvania,  October  1985. 


203 


BIBLIOGRAPHY  (CONTD) 


Sommers,  J.,  Jr.,  Clark,  J.  H.,  THE  DEVELOPMENT  OF  AIRCRAFT  CRASH- RES  I ST ANT 
FUEL  CELLS,  SAFETY  VALVES,  AND  BREAKWAY  ACCESSORIES,  Federal  Aviation  Agency; 
presented  at  National  Aeronautics  Meeting,  Society  of  Automotive  Engineers, 
Inc.,  New  York,  April  1962. 

SPECIAL  STUDY;  PASSENGER  SURVIVAL  IN  TURBOJET  DITCHINGS  (A  CRITICAL  CASE 
REVIEW),  NTSB-AAS-72-2,  National  Transportation  Safety  Board,  Washington, 
D.C.,  April,  1972. 

Spencer,  L.  E.,  Captain,  USA,  BREAKWAY  FUrL  CELL  CONCEPT,  Aviation  Crash 
Injury  Research  of  Flight  Safety  Foundation;  TRECOM  Technical  Report  62-37, 
U.S.  Army  Transportation  Research  Command,  Fort  Eustis,  Virginia,  May  1962. 

Spezia,  E.,  U.S.  ARMY  HELICOPTER  ACCIDENTS  INVOLVING  FIRE,  Report  1-64,  U.S. 
Army  Boaaard  of  Aviation  Accident  Research,  Fort  Rucker,  Alabama,  1963. 

Stern,  B.  A.  and  Visser,  T,,  HYBRIDIZED  POLYMER  MATRIX  COMPOSITES,  Composites 
Horizons,  Inc.;  N82-12139,  NASA-Lewis  Research  Center,  Cleveland,  Ohio,  Sep¬ 
tember  1981. 

Supkis,  D.  F..,  REFURBISHMENT  OF  NASA  AIRCRAFT  WITH  FIRE-RETARDANT  MATERIALS, 
Lyndon  B.  Johnson  Space  Center;  Technical  Memorandum  X- 581 65 ,  National  Aero¬ 
nautics  and  Space  Administration,  Washington,  DC,  October  1975. 

Tanner,  A.  E.,  CRASHWORTHINESS  DESIGN  PARAMETER  SENSITIVITY  ANALYSIS, 
USAAVRADC0M-TR-80-D-31,  U.S.  Army  Research  and  Technology  Laboratories 
(AVRADCOM),  Fort  Eustis,  Virginia,  February  1981. 

Teal,  M.,  IMPROVED  INTERIOR  EMERGENCY  LIGHTING  STUDY,  McDonnell  Douglas 
Corporation;  DOT/FAA/CT-83/31,  U.S.  Department  of  Transportation,  Atlantic 
City  Airport,  New  Jersey,  September  1983,  AD-A134  525. 

Tesoro,  G.  C.,  Ph.D.,  FABRICS  FOR  FIRE  RESISTANT  PASSENGER  SEATS  IN  AIRCRAFT, 
Massachusetts  Institute  of  Technology;  in  Conference  on  Fire  Resistant  Materi 
als  (Firemen),  ed.,  Kourtides,  D.  A.,  NASA  Technical  Memorandum  78523,  Nation 
al  Aeronautics  and  Space  Administration,  Ames  Research  Center,  Moffett  Field, 
California,  October  1978. 

Thompson,  R.  G.  and  Goetz,  R.  C.,  NASA/FAA  GENERAL  AVIATION  CRASH  DYNAMICS 
PROGRAM  -  A  STATUS  REPORT,  AIAA  Paper  No.  79-0780,  NASA  Langley  Research 
Center,  Hampton,  Virginia,  April  1979. 

Thompson.  R.  G.,  Carden,  H.  D.,  and  Hayduk,  R.  J.,  SURVEY  OF  NASA  RESEARCH 
AND  CRASH  DYNAMICS,  NASA  Technical  Paper  2298,  Langley  Research  Center, 
Hampton,  Virginia,  April  1984. 

Tyburski,  J.  J.,  HELICOPTER  CRASH  SURVIVABILITY  AND  EMERGENCY  ESCAPE,  SAFE 
JOURNAL,  Summer  Quarter  -  1984,  Volume  14,  No.  2. 

U.  S.  AIR  CARRIER  ACCIDENTS  INVOLVING  FIRE,  1965  THROUGH  1974,  AND  FACTORS 
AFFECTING  THE  STATISTICS,  Report  No.  NTSB-AAS-771-1 ,  National  Transportation 
Safety  Board,  Washington,  D.C.,  February  1977. 


BIBLIOGRAPHY  (CONTD) 


Vlllemaln,  H.  F.,  DESIGN  AND  EVALUATION  OF  CRASHWORTHY ,  BALLISTICAILY  TOLER¬ 
ANT  FUEL  TANK  MATERIAL,  The  Goodyear  Tire  &  Rubber  Company;  USAAMRDL  Techni¬ 
cal  Report  74-103,  Eustis  Directorate,  U.  S.  Army  Air  Mobility  Research  and 
Development  Laboratory,  Fort  Eustis,  Virginia,  January  1975,  AD  B002702. 

Watters,  D.  M.,  UNITED  STATES  NAVY  -  CANADIAN  FORCES  SOLID  STATE  FLIGHT  DATA 
RECORDER/CRASH  POSITION  LOCATOR  EXPERIMENT  ON  THE  B-720  CONTROLLED  IMPACT 
DEMONSTRATION,  TM-85-76  SY,  Technical  Memorandum,  Naval  Air  Test  Center, 
Patuxent  River,  Maryland,  November  1985. 

WittMn,  G.,  Gamon,  M.,  and  Shycoff,  D.,  TRANSPORT  AIRCRAFT  CRASH  DYNAMICS, 
DOT/FAA/CT-82/69,  NASA  Contractor  Report  165851,  Lockheed-Cal ifornia  Company, 
Burbank,  California,  March  1982. 

Wyeth,  H.  W.  G.,  FUEL  SYSTEM  PROTECTION  METHODS,  AGARD-LS-123,  North  Atlantic 
Treaty  Organization,  1982. 

Zapp,  J.  A.,  Jr.,  THE  TOXICOLOGY  OF  FIRE,  Medical  Division  Special  Report 
No.  4,  Army  Chemical  Center,  Maryland,  April  1951. 

Zlnn,  S.  U.,  Jr.,  CRASH  FIRE  HAZARD  EVALUATION  OF  JET  FUELS,  Federal  Aviation 
Administration;  Paper  No.  720324,  presented  at  National  Business  Aircraft 
Meeting  at  Wichita,  Kansas,  Society  of  Automotive  Engineers,  Inc.,  Nev  York, 
March  1972. 


205 


Aua.  sovtaNMiNT  hunting  omcK>  m*  ■ 


